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ABSTRACT

Efficient adhesion of gold thin-films on dielectric or semiconductor substrates is essential in applications
and research within plasmonics, metamaterials, 2D materials, and nano-electronics. As a consequence of
the relentless downscaling in nanoscience and technology, the thicknesses of adhesion layer and over-layer
have reached tens of nanometers, and it is unclear if our current understanding is sufficient. In this report,
we investigated how Cr and Ti adhesion layers influence the nanostructure of 2 — 20-nm-thin Au films by
means of high-resolution electron microscopy, complemented with atomic force microscopy and X-ray
photoelectron spectroscopy. Pure Au films were compared to Ti/Au and Cr/Au bilayer systems. Both Ti and
Cr had a striking impact on grain size and crystal orientation of the Au over-layer, which we interpret as the
adhesion layer enhanced wetting of Au and the formation of chemical bonds between the layers. Ti formed
a uniform layer under the Au over-layer. Cr inter-diffused with the Au layer forming a Cr-Au alloy. The
crystal orientation of the Au layers was mainly [111] for all thin-film systems. The results showed that both
adhesion layers were partially oxidized, and oxidation sources were scrutinized and found. A difference in
bilayer electrical resistivity between Ti/Au and Cr/Au systems was measured and compared. Based on these
results, a revised and more detailed adhesion layer model for both Ti/Au and Cr/Au systems was proposed.
Finally, the implications of the results were analyzed, and recommendations for the selection of adhesion

layers for nano-optics and nano-electronics applications are presented.

INTRODUCTION

The deposition of metal thin-film structures on dielectric or semiconductor substrates is important for
plasmonics, multilayer structures for photonic applications, organic transistors, substrates for graphene
growth, carbon nanotubes, 2D materials devices based on e.g. graphene and MoS,, and nanopores™?. Noble

metals such as Au, Ag, and Pt are often used for these applications. Due to their low chemical reactivity,
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they adhere poorly to the substrate, leading to phenomena like delamination, peeling, and time-dependent
device performances deterioration.

To enhance adhesion, extremely thin adhesion layers are applied between the substrate and the noble
metal films. The most used adhesion metals are Ti and Cr, but the advantages of the individual materials as
adhesion layers are poorly understood. The simplified adhesion layer model usually used in the micro and
nanofabrication community is shown in Fig. 1. In this model, the adhesion layer and the noble metal over-
layer are deposited sequentially by physical vapor deposition, and are considered to be completely uniform
and in perfect contact. Ti and Cr are known to be more chemically reactive than noble metals, and thereby
increase the adhesion as they chemically bind to the substrate. However, the model does not include any

layer-layer interaction. Moreover, it is considered to be independent of the thin-film thickness.

SUBSTRATE ADHESION LAYER OVERLAYER

Figure 1. Schematic representation of a substrate, adhesion layer and over-layer system. The substrate
is either a dielectric or semiconductor material and the over-layer is a metal.

In nanoscience and technology applications, the total metal thin-film thicknesses have reached tens of
nanometers, and it is unclear if the simplified model is still adequate. As the over-layer thickness
approaches the thickness of the adhesion layer, one might expect the latter to influence the nanostructure
of the functional over-layer significantly. Furthermore, this influence might depend on the chemical
properties of the adhesion layer. More importantly, the macroscopic properties of materials are strongly
related to the microscopic structure. As an example, the thin-film nanostructure has a direct impact on the
electrical conductivity, which is important in many nanoscience applications as introduced earlier.

Polycrystalline metal thin-film electrical conductivity is lower than the bulk values, which is mainly
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attributed to surface and grain boundary scattering®**

. It is unclear if the presence of an adhesion layer will
have any influence on the thin-film electrical properties.

In this report, we investigate the influence of Ti and Cr adhesion layers on ultra-thin Au films deposited by
electron beam evaporation at room temperature. Twelve samples (Table 1) were prepared and analyzed
with complementary methods; transmission electron microscopy (TEM), atomic force microscopy (AFM),
transmission Kikuchi diffraction (TKD), scanning TEM-energy dispersive x-ray spectroscopy (STEM-EDX),
STEM-electron energy-loss spectroscopy (STEM-EELS), X-ray photoelectron spectroscopy (XPS) and micro
four-point probe sheet resistance measurement (u4PP). The paper is organized into four sections. First, a
description of the growth, morphology and texture of pure Au films is reported. Second, the Au results are
compared to an analysis of Ti/Au and Cr/Au bilayer systems. Profound differences in film morphology,
texture, chemical composition, elemental diffusion and distribution, due to the adhesion layer presence,
are observed and discussed. Third, the adhesion layer effect on the bilayer electrical resistivity of both
systems is measured and compared. Finally, based on our results, we propose a revised and more detailed

adhesion layer model for both Ti/Au and Cr/Au systems, together with the implications of the results and

recommendations for the selection of adhesion layers for nano-optics and nano-electronics applications.

Sample (nominal thickness) Label S0, Si3|fl:1'?'ztl\rllatg$id SiNs
2nmAu 2-Au X
20 nm Au 20-Au X X
2nmTiand 2 nm Au 2-Ti/2-Au X
2nmTiand 20 nm Au 2-Ti/20-Au X X X
2nm T;'nzozr(')"; QUA' j nm i 2-Ti/20-Au/2-Ti/20-Au X
2nmCrand 2 nm Au 2-Cr/2-Au
2nm Crand 20 nm Au 2-Cr/20-Au X X X
Table 1. The samples analyzed in this study.
Page 429
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RESULTS AND DISCUSSION

Pure Au thin-films

We studied the growth process of a polycrystalline Au metal film through analysis of morphology and
crystal orientation. The ultra-thin Au films were deposited by electron beam (e-beam) evaporation, and the
deposition process was monitored by a mass calibrated QCM. For samples listed in Table 1, all nominal
thicknesses were measured by QCM. Au has been chosen because of its extensive use in nanoscience and
technology applications referenced in the introduction.

For the TEM bright field morphology analysis, Au thin-film cross section lamella samples were prepared by
focused ion beam (FIB). During the sample preparation a layer of Pt and carbon film was deposited over the
Au layer to protect the over-layer from FIB damage. From the cross section profile of the 2-Au sample (Fig.
2a), it is clearly visible that Au, when deposited directly on SiO,, in order to reduce the interface energy,
forms a nanoparticle-like layer in contrast to a continuous film. The diameter of the nanoparticles is about
10 nm. The nanoparticle morphology is confirmed by AFM analysis (Fig. S1a Supplementary). The RMS
surface roughness is measured to 2.4 nm. For comparison, the RMS roughness of the SiO, substrate is 0.3
nm. When the thin-film nominal thickness is increased to 20 nm (20-Au sample, Fig. 2b), the Au layer
becomes continuous, but a certain degree of surface roughness is still present due to coalescence of the
different grains. The AFM image (Fig. S1b Supplementary) shows an RMS surface roughness of 1.0 nm,

which is significantly lower than the 2-Au sample.
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Figure 2. TEM cross section micrograph of the 2-Au sample (a) and the 20-Au sample (b). TKD inverse
pole figure z-direction (IPFZ) map of the growth direction (c) and grain size distribution (d) of the 20-Au
sample.

To investigate the crystal orientation of the metal thin-films, transmission Kikuchi diffraction (TKD) was
used (Fig. 2c), allowing the visualization of crystal structure, crystallographic orientation and grain
dimensions of thin films with a lateral resolution of 10 nm®’. The nanostructure of the 20-Au film has a
bimodal grain size distribution (Fig. 2d). While the smaller grains have different crystal orientations, the
large grains (blue color) all have [111] orientation. An explanation of the TKD data follows (Fig. 3); growth
of metal thin-films deposited by physical vapor deposition on amorphous dielectric substrates follow island
growth®’. For Au, which has a face-centered cubic unit cell, the (100) surface has a higher surface energy
than the (111) surface, and to minimize energy, the (100) surface grows faster. Islands having (100) or (110)
facets parallel to the substrate grow faster in the vertical direction, while islands with (111) facets parallel

to the substrate grow faster laterally. The result is a continuous film, having laterally larger and flatter

Page 6|29

ACS Paragon Plus Environment

Page 6 of 29



Page 7 of 29

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

islands with [111] crystal direction, and laterally smaller but taller islands with [100] and [110] orientations.
More details about crystal growth are in the Supplementary Information (see thin-film crystal growth
paragraph and Fig. S2 in Supplementary). For pure Au layers, our observations are consistent with the

general COhSEhSUSlO.
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Figure 3. Schematic representation of metal thin-film growth of islands having different orientation with
respect to the amorphous substrate surface. The {100} facets grow faster than {111} ones in order to
decrease surface energy.

Ti/Au bilayer

To observe the influence of Ti in Ti/Au bilayer thin-film stacks, the Au thickness was kept the same as the
samples in the pure Au section. From the TEM bright field cross section analysis of the 2-Ti/2-Au sample, it
is observed that 2 nm of Ti forms a continuous layer below the Au layer (Fig. 4a). The Au layer is continuous
over the Ti, indicating that Ti is responsible for an interface energy decrease, acting as an adhesive. The
AFM analysis of the same sample confirms the continuous structure, and an RMS surface roughness of 0.8
nm is measured (Fig. S1c Supplementary). The 2-Ti/20-Au sample also shows a smoother film compared to
the 20-Au sample (Fig. 4b), and the AFM analysis shows an RMS surface roughness of 0.5 nm (Fig. S1d

Supplementary).

Page 7|29

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

- Distribution (%)

20 40 60 80
Grain size (nm)

Figure 4. TEM cross section micrograph of the 2-Ti/2-Au sample (a) and the 2-Ti/20-Au sample (b). TKD
inverse pole figure z-direction (IPFZ) map of the growth direction (c) and grain size distribution (d) of the
2-Ti/20-Au sample.

As visible in the TKD image (Fig. 4c), the addition of Ti has a profound impact on both grain size and
orientation of the Au film. The image shows small grains mainly oriented in the [111] crystal direction, with
an average grain size of 40 nm (Fig. 4d). The smaller grain size is attributed to an enhanced wetting of the
deposited Au promoted by the Ti adhesion layer. The enhanced wetting behaviour increases the number of
nucleation sites compared to the pure Au film case, where Au is evaporated directly onto the SiO, surface.
This eventually leads to a much denser nucleation of the Au grains, which at the same time facilitates the
inter-diffusion of Au atoms. The enhanced wetting might be due to the formation of Ti-Au bonds™*%.
Carefully reviewing the literature, we found that the use of various wetting layers for the growth of smooth

dl3—16

ultra-thin layers of Ag has been reporte . Ag is another noble metal with a similar chemical reactivity to

Au. The studies show that the wetting layers act as substrates with an elevated density of heterogeneous
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nucleation sites for the deposited Ag atoms, and that finely dispersed oxide defects represent the
nucleation seeds for the nucleation.

The very dominant [111] crystal orientation observed in the Ti/Au case implies a decrease of the energy
barrier for the formation of the energetically most favourable Au crystal structure. This is promoted by the
denser nucleation and stronger inter-diffusion of Au atoms described above. In contrast to the pure Au
case, all the grains have the same diffusion rate of the (111) exposed planes, and therefore the grains grow
with a narrow grain size distribution. Since the film has been deposited at room temperature, the system
did not have enough energy to overcome the energy barrier for grain coalescence, hence resulting in grains
with a small average size.

The limited TKD resolution does not allow us to index grains smaller than 3 nm, which are shown as black
areas in the map. In those areas grains having [100] and [110] crystal directions might be present, but are
not visible due to their small grain size.

To investigate the crystallinity of the metal thin films, a high resolution (HR) TEM cross section investigation
was performed (Fig. S3 Supplementary Information). The fast Fourier transform (FFT) suggests that the Ti
layer is amorphous and the Au to be crystalline.

The chemical distribution of the Ti and Au elements in the bilayer system was investigated with STEM-EDX.
For the 2-Ti/2-Au sample, the measurements at the Ti/Au interface show the presence of a continuous Ti
layer below the Au layer (Fig. 5a). This result is in good agreement with the TEM micrograph of Fig. 4a. To
verify the chemical composition of the sample, in particular to detect a possible presence of oxygen in the
Ti layer, STEM-EELS analysis was used. A line scan across the layer interfaces (Fig. 5b) shows the presence of
a Ti core loss L; edge at 460 eV and an L, edge at 465 eV. A SiO, O-K edge is visible at 538 eV, while the O-K
edge of O bounded to Ti is found at 532 eV. The presence of oxygen in the Ti layer explains its amorphous
structure: the oxygen binding to Ti atoms, disrupts the crystalline hexagonal close-packed structure of the
pure metal. The Au layer has a crystalline structure for the same thickness as Ti. This is consistent with Au

being deposited in a pure metallic form.
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Figure 5. (a) STEM-EDX map of the 2-Ti/2-Au sample. Au La signal is acquired at 9713 eV, Ti Ka signal at
4510.9 eV. The map shows a continuous Ti layer below Au. (b) STEM-EELS linear scan of the 2-Ti/2-Au
sample. The scan shows the presence of oxygen in the Ti layer.

The source of oxidation of the Ti layer can have three origins: i) oxidation due to migration of oxygen from
the SiO, substrate, ii) oxidation during the e-beam deposition process, or iii) oxidation due to substrate
contamination with water and oxygen molecules. To investigate the oxidation origin, XPS depth profile
analysis were performed on as-deposited samples. Two XPS experiments were done. The first analysis was
performed to clarify if oxygen is originating from source i). To rule out possible oxygen migration from the
oxygen-rich SiO, substrate, the metal thin-films were deposited on amorphous Si;sN,. For the 2-Ti/20-Au
sample, after Ar ion milling of 20 nm of Au, the Au 4f signal intensity decreases (Fig. 6a) and Ti 2p and O 1s

signals start to appear (Fig. 6b and 6c).
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Figure 6. XPS peaks of the 2-Ti/20-Au sample XPS depth profiling on Si;N, substrate. From the surface to
a depth of 20 nm, only the Au 4f signal is visible (a). XPS signals from deeper than 20 nm show the Au
signal decrease and both Ti 2p (b) and O 1s (c) signals appear.

A peak fit for the Ti signal was performed, and is reported in Fig. S4 of Supplementary Information. The Ti
2p peak is a convolution of three components: a TiN doublet at 455.0 and 461.1 eV, a TiO, doublet at 457.7
and 464.0 eV and a TiO, signal, which forms the descending background tail'’. The fit gives the following
information: 1) Ti has formed Ti-N bonds with the Si;N, substrate; 2) the adhesion layer is partially oxidized
during deposition and not from source i). Metallic Ti could not be detected here, but its presence cannot be
excluded: metallic Ti is highly reactive with respect to oxygen and nitrogen, and the destructive sputtering
process used for the depth profiling could have enhanced the mixing between Ti, O and N, catalyzing the
reaction of the metallic Ti bound to Au to form an oxide or a nitride.

The second analysis investigated whether the oxygen is originating from source ii) or iii). A 2-Ti/20-Au/2-
Ti/20-Au sandwich structure was deposited and analyzed. The result is shown in Fig. S5 of Supplementary
Information. Both layers of titanium are partially oxidized: the Ti 2p peak signals (Fig. S5a Supplementary)
are present together with O 1s signal (Fig. S5b Supplementary).

The O 1s signal in the Ti layer in contact with the SisN, substrate has higher intensity than the one of the Ti
layer between the Au layers. Hence, the Ti layer in contact with the substrate is more oxidized, which
suggests that Ti reacts with water adsorbed on the substrate surface. We conclude that the oxygen
originates from sources ii) and iii). Water is present in thin-film deposition instruments, and it is very
difficult to remove because of its capacity to form hydrogen bonding with many materials. Ti reacts with

water and oxygen and forms titanium oxides. Based on the above we propose an explanation for the Ti
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promoted enhanced adhesion. Ti is highly reactive and reacts chemically both with the substrate and the
Au over-layer. As our measurements show the Ti layer is only partially oxidized leading to a good adhesion.
A complete oxidation would have passivated the Ti surface with only oxygen terminations, preventing the
formation of Ti-Au bonds and leading to poor adhesion.

We do not observe inter-diffusion of Ti into Au at room temperature. Our results agree with previous work
by Masahiro et al., which reported that no Ti-Au inter-diffusion is observed below 175°C using Auger
electron spectroscopy (AES), X-ray and electron diffractometry’®. At high deposition temperatures,

19,20

however, several groups have reported Ti-Au inter-diffusion™". To limit the Ti-Au inter-diffusion above

200°C, the most adopted solution is the use of diffusion barriers like Pd* and Pt**?2.

Cr/Au bilayer

Different to the case with the Ti adhesion layer, TEM bright field analysis of the 2-Cr/2-Au sample shows a
single continuous layer (Fig. 7a). The AFM RMS surface roughness is 1.2 nm (Fig. Sle Supplementary
Information). Increasing the nominal Au thickness to 20 nm for the 2-Cr/20-Au sample, the film still
presents a single-layer morphology (Fig. 7b), while the RMS surface roughness decreases to 0.6 nm (Fig. S1f
Supplementary Information). The addition of Cr has an impact on grain size and orientation of Au (Fig. 7c).
The TKD result shows a uniform texture, where almost all grains are oriented in the [111] crystal direction.
The average grain size is 36 nm (Fig. 7d). Prior STM studies showed that the presence of Cr leads to a
roughness reduction of the Au surface?. The roughness reduction is confirmed by our investigation. As for
Ti, when Cr is used as adhesion layer the Au forms smaller grains compared to pure Au. The same
explanation as reported for Ti can be applied: Cr behaves as a wetting layer for the subsequently deposited
Au. The wetting behaviour increases the number of nucleation sites and also decreases the energy barrier
for the formation of the most densely packed and energetically favourable Au [111] crystal orientation,
which grows with a narrow grain size distribution. In this case, also small grains with [100] and [110] crystal

orientations have been detected. This might suggest that for Au on Cr the [111] orientation is energetically
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less favored with respect to the [100] and [110] orientations compared to the Ti/Au case. The same
considerations about chemical reactivity with respect to Au reported for Ti can be applied to Cr, as both are

transition metals with a very similar electron configuration.
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37 Figure 7. TEM cross section micrograph of the 2-Cr/2-Au sample (a) and the 2-Cr/20-Au sample (b). TKD
38 inverse pole figure z-direction (IPFZ) map of the growth direction (c) and grain size distribution (d) of the

2-Cr/20-Au sample.

42 The Cr and Au elemental distribution inside the single-layer structure is studied by means of STEM-EDX. The
44 analysis of the 2-Cr/2-Au sample shows the presence of Cr throughout the whole thickness of the Au layer
(Fig. 8a). Since Cr and Au were deposited sequentially and not by a co-deposition process, this result
49 suggests a strong inter-diffusion. The oxidation state of the adhesion layer for the same sample was
51 analyzed with STEM-EELS (Fig. 8b). The analysis shows a Cr L; edge at 585 eV and an L, edge at 594 eV. The
53 Si0, O-K edge is visible at 545 eV, while at 540 eV a weak O¢-K edge of O bounded to Cr is visible for a

55 limited thickness below Au. Furthermore, the Cr edge presents a compositional tail along the scan
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direction, giving confirmation of its diffusion into the Au layer. For the length of the tail there is no
presence of Oc-K edge, indicating that Cr inside Au is in metallic form. This is in good agreement with the
observed diffusion, which involves only metallic Cr. A STEM-EDX analysis was performed also for the 2-
Cr/20-Au sample (Fig. 9). In this case it appears that the inter-diffusion between the elements is
incomplete. However, the inter-diffusion is present for a thickness of 2-3 nm, suggesting that the diffusion
process is limited to such a thickness when the materials are deposited at room temperature.

A 2-Cr/20-Au sample deposited on amorphous SisN, was analyzed by XPS depth profiling to investigate the
oxidation origin of Cr. The depth profiling reveals that the Au 4f signal intensity starts to decrease (Fig. 10a),
while the Cr 2p and O 1s signals start to appear after Ar milling of 20 nm Au (Fig. 10b and 10c, respectively).
Due to the lower spatial resolution of XPS with respect to STEM-EDX, it is not possible to verify the
thickness of Cr-Au inter-diffusion in this case. The XPS electron escape depth at 1486.7 eV for Au is around
15 A**, meaning that it is not possible to obtain information about inter-diffusion for layers thinner than

this value without collecting a signal from the underlying material.
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Figure 8. (a) STEM-EDX map of the 2-Cr/2-Au sample. Au La signal is acquired at 9713 eV, Cr Ka signal at
5414.7 eV. The map shows strong inter-diffusion between Cr and Au. (b) STEM-EELS linear scan of the 2-
Cr/2-Au sample, which shows the presence of oxygen that is bounded to Cr, and Cr diffusion into the Au
layer.
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Figure 9. STEM-EDX map of the 2-Cr/20-Au sample. The map shows an inter-diffusion between Cr and
Au for a thickness of 2-3 nm.

Page 15|29

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

)

o
@

)
o £
rd °
R
\
=
N

Normalized intensity (a.u.

Normalized intensity (a.u.)
°
Normalized intensity (a.u.
5 o o o

2

T T T T T
80 590 585 580 575 570
Binding energy (eV) Binding energy (eV)

T
90 85
Binding energy (V)

Figure 10. XPS peaks of the 2-Cr/20-Au sample XPS depth profiling on Si;N, substrate. From the surface
to a depth of 20 nm only the Au 4f signal is visible (a). XPS signals from deeper than 20 nm show the Au
signal decrease and both Cr 2p (b) and O 1s (c) signals appear.

The Cr 2p peak fit (Fig. S6 Supplementary Information) is formed by three components: a metallic Cr
doublet at 574.4 and 583.6 eV, a Cr,0; doublet at 576.3 and 585.6 eV, and a CrO; doublet at 580 and 589.2
eV'. The result of the fit indicates the partial oxidation of Cr during the e-beam deposition process, as in
the Ti case. The use of the same deposition conditions and of the same type of substrate with respect to Ti,
and a similar chemical reactivity of Ti and Cr suggest that also the Cr layer gets further oxidized by the
water and oxygen molecules present on the substrate surface.

A possible explanation for the Cr-Au enhanced adhesion is described in the following: similarly to Ti, also Cr
is very reactive and reacts chemically both with the substrate and the Au over-layer after Au deposition.
Cr,0; has a higher enthalpy of formation with respect to TiO, (-1128 kJ/mol vs -945 kJ/mol)?>. The standard
enthalpy of formation of an element indicates the form in which the element is most stable at 1 atm of
pressure: the more negative heat of formation, the higher is the affinity for oxygen. The high tendency for
Cr to form an oxide leads to a high strength of the Cr-O chemical bond. Such strength might lead to an
increase of the adhesion properties with respect to Ti, an advantage that can be used for the fabrication of
devices having better mechanical properties. Furthermore, the higher diffusivity of Cr compared to Ti leads
to a Cr-Au inter-diffusion for a limited thickness at the metal interface. At 50°C, the solubility of Cr in Au is
around 5 at. %, while the solubility of Ti in Au is less than 1 at. % at 500°C***’. One might speculate that due

to the inter-diffusion, the number of Cr-Au bonds exceeds the number for the Ti-Au case, where the
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chemical bonding can happen only at the surface interface, leading to a further adhesion increase in the Cr

case.

Adhesion layer effect on bilayer thin-film electrical resistivity

The change in nanostructure of the Au thin-film due to the presence of an adhesion layer, shown above,
has an important impact on the macroscopic properties such as electrical resistivity. Electrical resistivity in
polycrystalline films is dependent on electron surface and grain boundary scattering, and we expect the
grain size change measured with TKD to be reflected in the electrical properties. Furthermore, for the case
of Cr adhesion layers, a Cr-Au alloy is formed, which also is expected to have an impact on the thin-film
electrical resistivity. To investigate possible impacts, we measured the sheet resistance (R) of the three
samples (20-Au, 2-Ti/20-Au, and 2-Cr/20-Au) investigated with TKD above using micro 4-point probe
(u4PP). Fig. 11a shows that the Ti/Au sample has a lower sheet resistance than pure Au which can be
attributed to the two layers acting as parallel resistors®®. Data normalization has been performed with
respect to the average sheet resistance (R) measured at the 20-Au sample. To exclude tip wear effects of
the p4PP, the measurements were performed measuring with the same probe alternatively on the 20-Au
and 2-Ti/20-Au sample, respectively. Moreover, to rule out thin-film thickness variation effects, Au TEM
cross-section thickness measurements were performed on 36 points along the 20-Au and the 2-Ti/20-Au
samples. They reveal a slightly thicker Au film thickness in the Ti/Au sample compared to the pure Au film
(23.6 £ 0.5 nm vs 21.9 £ 0.5 nm, respectively). Since electrical resistivity is inversely proportional to film
thickness, the thicker Au film contributes to decrease the sheet resistance in the Ti/Au sample with respect
to pure Au. Fig. 11b shows that the Cr/Au system has a higher sheet resistance than pure Au. In this case,
the formation of a single layer due to Cr-Au inter-diffusion compromises the multilayer assumption. The
sheet resistance increase is in line with the general resistivity increase of chromium-gold alloys, which
increase linearly with the Cr concentration®’. Data acquisition and normalization have been done as in the

Ti/Au case above, and TEM cross-section thickness measurements of the Au layer were done on 29 points
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of the Cr/Au sample, giving a mean thickness of 22.7 + 0.4 nm. Compared with the thickness of pure Au,
this value is slightly higher. However, the sheet resistance decrease due to this thickness difference is not
enough to compensate the increase due to the Cr-Au alloy formation.

The Ti/Au parallel behavior and Cr/Au inter-diffusion seems to have a bigger impact on the electrical
properties of the multilayer systems than the nanostructure change observed by TKD. For both samples,
the increase of grain boundary scattering due to the higher density of grain boundaries, compared to pure

Au, could not be measured with our setup, but cannot be excluded a priori.
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Figure 11. Normalized sheet resistance of: (a) 20-Au vs 2-Ti/20-Au samples; (b) 20-Au vs 2-Cr/20-Au
samples. The Ti/Au bilayer system has lower sheet resistance than pure Au (a) due to parallel resistors
behavior. The Cr/Au bilayer system has higher sheet resistance than pure Au (b) due to Cr-Au alloy
formation.

Revised adhesion layer model

Based on the above results, we propose a revised adhesion layer model for Ti/Au and Cr/Au thin-film
systems. The model is intended as an improvement in the description of the layer-layer interaction
compared to the model described in the introduction. The model will help the thin-film engineering of
nanodevices.

The adhesion layer model is shown in Fig. 12. The growth of both adhesion layers starts with the deposition

of the atoms on the substrate (1) and the subsequent formation of an amorphous layer (2). During the
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deposition, both Ti and Cr get partially oxidized by oxygen and water molecules present on the substrate
surface and in the deposition chamber. The adhesion layer acts as a wetting layer for Au, reducing the
nucleation energy barrier and increasing the number of nucleation sites compared to the pure Au case
where Au is directly evaporated onto the SiO, surface. The enhanced wetting is due to the formation of Ti-
Au and Cr-Au chemical bonds. This leads to the formation of a continuous film having i) monodisperse grain
size and ii) the energetically most favorable [111] crystal orientation for Au (3). For the Cr/Au system there
is an extra step: the inter-diffusion between Cr and Au to form a Cr-Au alloy (4). Such diffusion is limited to

a thickness of 2-3 nm for samples prepared at room temperature.
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Figure 12. Revised adhesion layer model for Ti/Au and Cr/Au multilayer systems. (1) Adhesion layer
nucleation; (2) growth of a partially oxidized adhesion layer; (3) growth of Au grains with [111] crystal
orientation on top of the adhesion layer; (4) only for Cr: Cr/Au inter-diffusion and alloy formation
during/after Au deposition.

Implications and recommendations for nanodevice fabrication

Our results have important implications for the nanofabrication of nano-optic and nano-electronic devices

mentioned in the introduction. For nano-optic devices there are two implications. First, the grain size
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values of the Au thin-films are comparable with the sizes of plasmonic nanostructures, which are 70-200
nm®. Hence, each nanostructure might have multi-grain structures that are different. This might affect its
interaction with the light and its optical response, which leads to broadening of the optical resonance
peaks. Second, during light and plasmonics device interactions, the temperature can locally raise to above
795 K*, further enhancing the alloying of Cr and Au already present at room temperature and thus
deteriorating the electrical properties of the thin-film stack. Ti does not inter-diffuse with Au at room
temperature, supported by the p4PP measurements which show that the electrical properties appear to be
similar to pure Au thin-films. The formation of a stable Ti layer under the Au prevents diffusion of Au into
the underlying substrate and improves the performance-time and temperature stability of the devices. The
Ti-Au inter-diffusion starts at temperatures higher than 175°C. If the devices have to be used for prolonged
time above this temperature, Pd*® and Pt**?? diffusion barriers must be used.

Comparative studies show a localized surface plasmon damping in plasmonic nanostructures due to the
presence of a very thin adhesion layer, and overall better performances of Ti over Cr for the optical

resonance of such nanostructures®>*

. Therefore, if the choice is limited to metallic adhesion layers, Ti is
preferred over Cr for nano-optics applications. A perhaps even better alternative is to use organosilane-
based adhesion layers. Comparative measurements of Ti versus MPTMS*® and Cr versus APTMS>® show
overall better performances for the organosilane-based adhesion layers over the metallic ones. The big
disadvantage of these molecular adhesion layers is their lack of compatibility with the lithographic and lift-
off processes, which still play an important role in the fabrication of nanostructures.

For nano-electronics applications, our results show that Ti and Cr form oxides with surface adsorbed water
and free oxygen in the vacuum chamber of the physical vapor deposition system. To avoid oxidation of the
adhesion layer, the chamber vacuum needs to be in UHV conditions and the sample must be baked to
remove the surface adsorbed water. However, these baking temperatures are not compatible with e.g. lift-

off nanofabrication of nano-electronic devices that often utilize photo or electron beam lithography resists

which do not tolerate high baking temperatures. In the case of carbon nanotubes (CNTs), Ti uniformly coats
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the nanotube surface®. That implies that the partially oxidized Ti uniformly coats CNTs, which might lead to
poor electrical contact to the nano-electronic device. However, it is unclear if this is true for other nano-
electronics materials, because their surface chemistry is different. To avoid oxidation of Ti or Cr that is in
physical contact with the nano-electronic materials, one solution is to avoid these materials completely.
Indeed, some of the best performing CNT devices are made without the use of adhesion layers, as e.g. Pd
which is directly used®. For MoS, FETs, Radisavljevic showed that pure Au contacts out-performed Ti/Au
contacts®. If an adhesion layer is required for mechanical stability, a less than 2-nm-thin Cr layer is
recommended, and Ti must be avoided. This is because the partially oxidized Ti might form a barrier
between the nano-electronic material and the Au over-layer, with a consequent deterioration of the
electron transport performances. Because of the single-layer morphology due to the Cr-Au alloy formation,
the alloy will make electrical and physical contact to the nano-electronic material, despite the chrome oxide
content. Furthermore, a low temperature annealing will enhance inter-diffusion of Au and Cr, and improve
electrical contact between the nano-electronic material and the Au over-layer. Indeed, low temperature

39,40

annealing is often used in nano-electronic fabrication for improving electrical contact™"". Finally, an

important implication is that better adhesion layers for nano-electronics might be metals with electrically

conductive oxides such as ruthenium and iridium**.

CONCLUSIONS

We have investigated the influence of Ti and Cr adhesion layers on ultra-thin Au films using complementary
characterization techniques. The thin-film stacks are deposited by electron beam evaporation at room
temperature. Profound morphological differences have been observed: Ti forms a continuous layer below
Au, while Cr and Au show inter-diffusion. Both adhesion layers have an impact on the Au texture, with the
formation of thin-films having smaller grain sizes than pure Au. All thin-films have [111] crystal orientation.
Both Ti and Cr are partially oxidized during the thin-film deposition, and the oxygen source is molecular

oxygen and water molecules adsorbed onto the substrate surface and from the environment in the
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deposition chamber. Electrical measurements show an electrical conductivity increase for Ti/Au and
deterioration for Cr/Au stacks compared to pure Au. This result is attributed to film parallel resistor
behavior for Ti/Au, and Cr/Au alloy formation, respectively. These effects have a larger impact on the
electrical properties of the multilayer systems than the nanostructure change due to the adhesion layer
presence, which however cannot be excluded. Based on our results, we propose a revised adhesion model
for the Ti/Au and Cr/Au multilayer systems, which gives a description of the adhesion layer-overlayer
interaction and can be used by the research community as guide-lines for adhesion layer and thin-film stack
engineering. To conclude, we recommend the use of Ti adhesion layers for nano-optics applications, thanks
to its low diffusion, time stability and compatibility with lift-off procedures. If nano-lithography and lift-off
is not required, organosilane-based adhesion layers are superior to metallic adhesion layers. For nano-
electronic devices, adhesion layers should be avoided because of possible oxide barrier formation. If
adhesion layers are needed for mechanical stability, Cr is preferred, thanks to Cr-Au alloy formation, which

implies a superior electrical and physical contact to the nano-electronic material.

METHODS

FILM DEPOSITION

Ti, Cr and Au films have been deposited by e-beam evaporation using a Wordentec QCL 800 deposition
machine (Wordentec Limited, Shebbear, UK). The films have been deposited with a deposition rate of 1 A/s,
chamber pressure of 3-10° mbar and substrate temperature between 17 and 20°C. The thin-film thickness
has been measured by the use of a quartz crystal thickness monitor (QCM). Samples for u4PP and TKD have
been deposited on 5-nm-thickness SisN, TEM grids (Caspilor AB, Lidingd, Sweden) using a special sample
holder designed specifically to fit into the 100 mm wafer holder of the deposition machine. Samples for
TEM cross section studies (bright field imaging, AFM, EDX, EELS) have been deposited on 100 mm silicon
wafers coated with 110-nm thick thermally grown amorphous SiO,. Samples for XPS have been deposited

on silicon wafers coated with 150-nm-thick amorphous Si;N, grown by low-pressure chemical vapor
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deposition (LPCVD). Before thin-film deposition, the substrates were treated with an oxygen plasma for 5

min.

FOCUSED ION BEAM MILLING

TEM cross section samples have been prepared using focused ion beam (FIB) milling inside a FEI Helios
Nanolab 600 FIB-SEM (FEI Company, Hillsboro OR, USA). From the original silicon wafer substrates, 1 cm?
area chips have been cut out and glued on standard SEM stubs. Silver paste was used to electrically connect
the chips with the stub. A 2-um-thick C-Pt layer was deposited as film protection on the top surface of the
chips. It was deposited by a combination of electron beam induced deposition (EBID) and ion beam induced
deposition (IBID). From the chips, a thin cross-section lamella was milled out. The lamella was then lifted
out by a dedicated micromanipulator and fixed onto a Cu TEM half-grid placed inside the FIB chamber. The
fixation was performed using C-Pt IBID. The final FIB for electron-transparent thinning was performed with
the lamella on the TEM grid. The FIB-SEM was operated at 30 kV for ion processing, with ion current

ranging between 26 pA (for imaging) and 9 nA (for rough milling). The SEM imaging was performed at 5 kV.

TRANSMISSION ELECTRON MICROSCOPY

TEM bright field images have been acquired using a FEI Tecnai T20 G2 TEM operated at 200 kV. HR-STEM,
EDX and EELS data have been acquired using a monochromated and probe corrected FEI Titan Analytical
80-300ST TEM. The instrument was operated at an accelerating voltage of 300 kV, probe convergence angle
of 35 mrad, EELS collection angle of 16 mrad, and with a resulting imaging resolution of 1 A and energy
resolution of 1 eV. The sample is aligned with respect to the electron optical axis in order to have the Si

(100) plane parallel to the electron beam.

ATOMIC FORCE MICROSCOPY
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AFM measurements have been performed using a Dimension Icon-PT system (Bruker Corporation, Billerica,
MA, USA). Peak force modulation was used. The acquisition parameters were 500 nm scan size, 0.977 Hz
scan rate and 512 samples for each line. The AFM probes have a nominal tip radius of 2 nm, 70 kHz

resonant frequency and 0.4 N/m spring constant.

TRANSMISSION KIKUCHI DIFFRACTION

TKD patterns have been acquired with a FEI Nova 600 NanoSEM equipped with an OPTIMUS TKD detector
head (Bruker Corporation, Billerica, MA, USA). The patterns were analyzed using both CrystAlign (Bruker)
and OIM TSL analysis software. In order to decrease sample contamination observed in high vacuum mode
and to avoid sample drift, low vacuum mode was used. The acquisition parameters were 30 kV electron
accelerating voltage, 2 nA current and 3 nm beam step size. To determine the average grain size, the data
were processed to remove wrong-indexed points and to define a grain. A grain was defined as an area
containing at least 3 data points with the same orientation and with a misorientation larger than 2° to its
neighbour. All data sets containing less than 3 points were removed from the maps, due to uncertainty in

the indexing and are shown as black areas.

X-RAY PHOTOELECTRON SPECTROSCOPY

XPS depth profiles have been performed using a ThermoScientific K-alpha XPS (Thermo Fisher Scientific,
Waltham MA, USA), having an Al K-a 1486.7 eV X-ray source and a 3 kV Ar ion gun. The X-ray spot size was
400 pm, the etch step time was 15 s and the energy step size was 0.05 eV. Each spectrum was acquired as
an average of 10 scans. XPS chemical trace analysis was performed using Thermo Avantage v5.948 software

from ThermoScientific.

MICRO-4 POINT PROBE
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Sheet resistance has been measured inside a FEI Nova 600 NanoSEM equipped with a MM3A-EM
micromanipulator (Kleindiek Nanotechnik GmbH, Reutlingen, Germany) and a u4PP micro four-point probe
plug-in (Capres A/S, Kongens Lyngby, Denmark). Aided by SEM imaging, the probe gently touched the thin-
film surface in 2-point probe mode without scratching it. Data were collected in 4-point probe mode using
an M4PP SEM MODULE from Capres A/S. Acquisition parameters included 30 pA current, 100 gain, 390.6
Hz, and 82 ms integration time. 1000 data points were collected per measurement point. Four

measurements were executed for each sample.
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SUPPORTING INFORMATION

The material presented in the Supporting Information includes further analysis of the pure Au, Ti/Au and
Cr/Au bilayer samples. The data include AFM images of the analyzed cross-section samples, high resolution
TEM cross section of Ti/Au sample, XPS depth profile of a Ti/Au multilayer system and XPS peak fits of Ti

and Cr peaks. A paragraph is dedicated to the description of thin-film crystal growth more in detail.
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