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Abstract

:

The demand for transparent conductive coatings has increased over recent years, leading to the development of various technical solutions. One of the approaches is to use metallic coatings very close to their coalescence thickness, so that a good compromise between transparency and conductivity is obtained. In this contribution, a combination of two elements with high potential in this field is used, namely silver and copper. The continuity of silver films on a dielectric transparent substrate is significantly improved by the addition of a copper seed layer that promotes the formation of a continuous layer at smaller effective thicknesses. Two distinct deposition processes are used for the deposition of the two materials, namely HiPIMS (High Power Impulse magnetron sputtering) for copper and DC sputtering for silver. The use of HiPIMS enables a better control of the structure and quantity of deposited material, allowing us to deposit a very small amount of material. The mono-element coatings are characterized from the optical and electrical point of view, and then mixed to form a structure with better transparency, up to 80% in the visible spectrum, good electrical properties, resistivity of ~2 × 10−5 (Ω × cm), and significantly lower surface roughness, down to 0.2 nm.
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1. Introduction


The deposition of thin metal films on insulating substrates or layers is of great interest, with applications in the field of nanoelectronics [1,2], energy saving and energy conversion [3,4,5], and electromagnetic interference shielding [6]. The use of such thin films obtained from the vapor phase is limited by the uncontrolled three-dimensional morphology characteristic on the initial stages of film growing [7,8]. The ability of the forming layer to uniformly wet the surface and form a continuous two-dimensional film becomes of great importance. The minimum thickness achievable becomes of even greater importance for the applications where the transparency of the film is required, such as low-e coatings for windows [9,10,11], electromagnetic shielding [6] and more generally transparent conductive layers [12,13].



There are different solutions to reduce the minimum thickness necessary for obtaining a continuous layer. Among those, the use of a small addition of O2 or N2 to the Ar gas was proven to be beneficial for the promotion of 2D growth of Ag films [14,15,16]. The presence of N2 or O2 in the sputtering gas atmosphere appears to decrease the rates of island coalescence completion, with a minor effect on the conductivity of the coating due to the incorporation of O or N [7]. Another solution is to use various doping elements to change the ability of forming a metallic layer to wet the surface. Al, Cu, Nb, Ti, etc., are the most common elements that are frequently used for this purpose [17,18], leading to a reduction of the surface roughness and the minimum thickness achieved. The use of a two-step process consisting of the deposition of an initial seed layer before the actual thin film was also successfully employed [19]. It was already shown that the addition of Cu in the initial stages of Ag deposition leads to a smoother surface and allows for smaller thicknesses of the continuous layer [7]. Copper was introduced in the first stages of growth, accounting for equivalent thicknesses of only ~2 nm. The choice of Cu as seed layer or wetting agent for Ag films is related to the tendency to promote the 3D growth less initially [20], and to the fact that the two metals are immiscible at room temperature [21,22], making the influence on the chemistry of the metal negligible. The effect of copper as a wetting agent for the growth of Ag films on SiO2 substrates was recently detailed in Ref. [7], emphasizing the positive effects of Cu addition on decreasing both the roughness and the resistivity of the films. Moreover, it is concluded that the precise timing of the Cu arrival only at the initial stages of the process is of great importance for obtaining the wetting effect without compromising the electrical properties of the Ag layer.



Among the sputtering techniques, HiPIMS [23] stands as a versatile tool to obtain controllable properties, through the fine tuning of the deposition flux and energy to the substrate [24,25]. The pulsed nature of the process allows the use of the number of pulses as an element of fine adjustment of the quantity of deposited atoms. The deposition rates can be so low that hundreds of even thousands of pulses are necessary to obtain the equivalent of 1 atom thick layer.



In the present study, we demonstrate the use of HiPIMS deposited Cu as a wetting agent for the deposition of continuous and conductive Ag layers on transparent glass substrates. The deposition is performed in an industrial deposition chamber, allowing us to obtain uniform coatings on a 10 × 10 cm2 square surface. The optical and electrical properties of Cu and Ag nanometric monolayers are assessed, with the purpose of obtaining the optimum combination of a Cu-Ag layer with minimum thickness, high transmission in the visible range and low resistivity.




2. Materials and Methods


The experimental setup consisted of Z-550-S (Leybold-Heraeus, Cologne, Germany) vacuum chamber 550 mm in diameter and 100 mm height. Two cathodes of Ag and Cu with a diameter of 6 inches are placed in the upper side of the deposition chamber, whereas the soda lime glass substrates are placed on a rotatable substrate holder at a distance of 60 mm from the magnetron targets, on the bottom side of the chamber. The base pressure in the discharge chamber is 2 × 10−5 mbar, and the working pressure is set at 10−2 mbar of Ar. The Cu target is powered by a HiPIMS power supply (Ionautics, Linköping, Sweden), whereas the Ag target is powered by DC powers supply SSV-3,5KW (Leybold-Heraeus, Cologne, Germany). The DC power input on the Ag target was varied between 100 W and 250 W, whereas the HIPIMS power on the Cu target was varied between 150 W and 750 W, to obtain different thicknesses of the coatings.



The use of a HiPIMS power supply for the Cu deposition allows us to obtain a fine control over the amount of deposited Cu through the variation of the frequency of the pulses. In order to maintain the same characteristics of the sputtered flux, the pulse width and amplitude were kept constant, whereas the frequency of the pulses was changed to reach the desired average power. The pulse voltage and current time traces are represented in Figure 1, indicating that pulse shape, amplitude and power were kept constant for all HiPIMS power settings.



The deposition process is adapted to an industrial-sized deposition chamber, where the combination of power input and target sizes gives deposition rates higher than needed for this application. Therefore, one of the main characteristics of the deposition process is its very short duration, of only 10 s, giving total thicknesses in the 5–20 nm range. This total duration is obtained by passing the substrates in front of the targets with an angular velocity that gives one complete rotation for every 10 s. In this way, it is possible to obtain both the monolayer structures and the bilayer structures that contain successive layers of Cu and Ag, respectively. It should be noted that the minimum power input used for these processes is found at the bottom limit of the power supply, meaning that further decrease of the power would lead to unstable discharge conditions in the given sputtering geometry and gas pressure range. The abbreviated sample names are presented in Table 1, comprising the type of power supply and the power input. The deposition time is set to 10 s for all the samples that will be analyzed in the following.



Film thickness was determined by surface profilometry measurements with Veeco NT1100 system (Veeco Instruments, Plainview, NY, USA) operating in a vertical scanning interferometry (VSI) mode. Thin films were chemical acid etched to obtain a step profile that allows determining the film thickness. The 10× magnification lens and a 0.5× field of view (FOV) lens were used on 191 µm × 255 µm surface. Optical characterization of the samples was performed by UV-Vis-NIR spectrophotometry using a Jasco V-670 spectrophotometer (Jasco, Tokyo, Japan) with an attached ARSN 733 unit. The transmittance and reflectance of the deposited coatings were recorded in the same spot at near-normal incidence (5°). The absolute reflectance measurement accuracy provided by the supplier is ±1.5% at 6° angle of incidence. The absorbance spectra was calculated by using the following formula A = 100 – T (%) − R (%). The XRR measurements were performed using SmartLab diffractometer (RIGAKU, Tokyo, Japan) equipped with Cu rotating anode (9 kW) and vertical goniometer with 5 axes. The measurements were performed on a 2θ range of 0.3–3°, with a speed of 0.16°/min and a step size of 0.004°. Surface morphology was investigated by using AFM/STM Microscopy System (INNOVA VEECO, Berlin, Germany), working in taping mode. Morphological characterization was performed with FESEM-FIB Scanning Electron Microscope (Carl Zeiss, Jena, Germany) equipped with an energy dispersive X-ray detector (Oxford Instruments, Oxford, UK). The images were recorded at 100 k× magnification. Electrical characterization was made using a Cascade C4S-64/50 with four-point probes placed at equal distances using a constant current source, Keithley 2400/2400-C Source Meter (200 V, 1 A, 20 W), for measuring electrical resistivity and surface resistance. Measurements were performed according to the method described in ASTM F 84–99 [26].




3. Results and Discussion


The results and discussion’s part is divided in two sections, the first one referring to the monolayer’s characterization and the second one to the bilayer structure consisting of one Cu interlayer and one Ag layer on top of it.



3.1. Optical and Electrical Properties of Cu and Ag Monolayers


The Cu layers were deposited using HiPIMS mode, with variable average power ranging from 150 to 750 W. The repetition frequency of the pulse was tuned correspondingly so that the peak current shape and amplitude remains constant in this interval, as described in the Materials and Methods section. Further decrease of the power below 150 W leads to the decrease of the peak current, down to 45 A. The main purpose was to identify the coalescence limit and then to define the deposition conditions that ensure the presence of a discontinuous layer.



The optical properties of individual layers of Cu and Ag, respectively, were investigated by UV-Vis-NIR spectrophotometry, the curves registered between 250–2000 nm being presented in Figure 2. The high transparency and small reflection of the samples obtained at equivalent power of 150 and 250 W indicate that they are below the limit of coalescence. The sample obtained at 500 W reveals an increase of absorption in the 300 to 500 nm interval, indicating the presence of surface plasmon resonance due to the formation of nanometric clusters on the surface [27]. A more detailed study on the application of Mie theory applied to determine the optical properties of such films was described in Ref. [28]. More generally speaking, the increase of absorption it is a clear mark that these conditions are found at the limit of percolation [29]. One should note that the measurements were performed after air exposure of the samples, so oxidation of the very thin layer is expected. The samples obtained at 750 W equivalent power have a pronounced decrease of transparency and increase of both reflectivity and absorbance. This indicates that a continuous layer starts to form, and a further increase of power density would lead to a continuous metallic copper film.



From the spectrometric data, we find that the best suited power setting for obtaining a discontinuous Cu layer is in the range of 150 to 250 W. To confirm this, XRR measurements were performed on all samples. The XRR spectra fitted with Rigaku GlobalFit software (based on Parallel Tempering algorithm, version 2.0.6.0, Tokyo, Japan) are represented in Figure 3a. Due to the discontinuous nature of the formed layer (with periodic voids arrangement) no visible interference induced oscillations were observed when lower sputtering power was applied. According to Buttard et al., the radiation interacts with a porous layer similar with the substrate, causing a strong decrease in reflected intensity [30]. Additionally, as it was reported in the literature, there is a high probability in obtaining featureless XRR patterns (with no fringe appearance) when nanometric monolayers based on islands formation are analyzed [31]. Extremely weak evidence of interference fringes can be observed when higher sputtering power was applied (750 W), result ascribed to a more continuous layer, characterized by less porosity present in this stage. The decay of reflectivity over the measured grazing-incident angle range further reveals the correlation between roughness and deposition conditions. There is an increasing tendency of surface roughness, starting from 0.69 nm (for CuHIP150 sample) up to 0.85 nm (for CuHIP500). By increasing the power at 750 W, the overall roughness decreases (0.58 nm) as the coalescence stage of neighboring clusters takes place. Indeed, during film formation, there is a tendency of reducing the surface area of the substrate by initially formed clusters [32]. However, the roughness value at these initial growth stages may be influenced by various factors influencing coverage area and the width and height profiles of cluster configurations [33]. The thickness and density evaluated from these spectra are represented in Figure 3b, indicating an almost linear increase of the density with increasing average power. The density at low power is significantly lower than bulk density of 8.96 g/cm3, thus confirming the fact that the film is not continuous. The film thickness is in the interval from 2.5 to 5 nm, but this should be regarded as an averaged thickness of the individual islands, since the film is not yet continuous. Indeed, the error in estimating the thickness is higher when lower power is applied. For the very low power regime, the increase in pulse power leads to the drop of thickness and increased density during continuous film formation, as this correlation was reported by previous studies [34]. The thickness decrease (at this stage) with applying higher power was ascribed to the increase of nucleation density, as a consequence of combined deposition rate and energetic ions effect [35]. When increasing the power up to 750 W the density approaches the bulk density and the evaluated thickness is around 4.3 nm. Even if not fully continuous yet, this thickness can affect the transparency of the samples, as it was seen from the transmittance spectra (Figure 2). It should be noted that the electrical properties of those Cu thin film could not be measured, because they are not continuous.



The Ag thin film were obtained by using DC magnetron sputtering, and the power interval was set from 100 to 250 W. The peak of transmittance does not exceed 80% in any of the cases, this being the maximum transmission in the visible range (Figure 4). The reflectivity in the IR spectra increases with increasing power, due to the increase of the thickness. The samples obtained at 200 and 250 W, respectively, have relatively high reflectivity, specific to the metallic layers. The absorption spectra on the other hand shows a maximum for the 150 W sample, due to the nanostructured nature of the thin film. This aspect suggests that silver films are continuous in the selected power interval.



The surface morphology of the samples was investigated using electron microscopy, typical images being represented in Figure 5. The images confirm the fact that there is a nanostructured nature of the surface, with smoother and more continuous surface for the samples obtained at higher power inputs, 200 and 250 W, respectively. The sample obtained at 150 W has the most pronounced texturing of the surface, in agreement with the higher absorption previously observed. The sample obtained at 100 W of power input is also textured, with apparent holes on the surface.



The variation of electrical resistivity as a function of measured thickness is represented in Figure 6. The resistivity of the films changes abruptly in a very narrow thickens interval, corresponding to the increase of DC power from 100 to 150 W. This is a clear indication that, for these conditions, the layer is at the edge of coalescence. The resistivity remains almost constant, between 2.5 and 3.5 (Ω × cm) × 10−5, once a certain thickness is attained, around 8.5 nm.



The XRR spectra of Ag thin films as a function of the applied power are presented in Figure 7, along with the results of density and thickness. Even though the specimens were exposed to the ambient atmosphere and an Ag-based oxide is present, the increase in thickness of Ag thin film with the applied power confirms the results previously obtained. As in the case of CuHIP monolayer, the XRR spectra of the thicker AgDC layer presents more visible interference induced oscillations. The formed Ag oxide exhibited a density decrease with applied power in benefit of Ag layer, except for AgDC150. It is to be noted that the different behavior of the AgDC150 sample was also observed from the optical characteristics, where a maximum of the absorption spectra for the mentioned layer was registered from the SEM images, where pronounced texturing was observed. This confirms the nanostructured nature of the sample obtained at these experimental conditions.




3.2. Cu/Ag Bilayers


From the individual characterization of the Cu and Ag monolayers, it resulted that the most promising process conditions to obtain Cu discontinuous layers are obtained for a HiPIMS power input of 150 and 250 W, respectively. On the other hand, the silver layer obtained at 100 W of DC power is continuous, has the highest transmission in the visible range, but has a very poor conductivity. By adding a Cu seed layer before the deposition of Ag the quality of the obtained structure in terms of optical and electrical characteristics can be improved. The spectrophotometric curves are presented in Figure 8 for the bilayers of Cu at 150 and 250 W, respectively, and Ag at 100 W. For comparison, the corresponding curves for Soda Lime Glass and Ag at 100 W DC power deposited on glass are also presented. The Cu addition leads to a significant increase of reflectivity in the IR domain, with very small differences between the two versions. This finding is in line with the results obtained in Ref. [7] in the sense that once a certain minimum quantity of Cu is added, further addition of Cu does not add beneficial effect on the coalescence of silver layer. The transmittance of this structure is kept at ~80% within the visible range, making it suitable for application where good optical transparency is required. One interesting feature is that the absorbance is also decreasing, suggesting that the nanostructured nature of the Ag film is changed by the addition of the Cu seed layer.



Indeed, the AFM images depicted in Figure 9 show that the Ag layer deposited directly on the silicon substrate has a relatively high roughness, Ra = 3.81 nm, whereas the samples that contain Cu seed layer are much smoother with roughness Ra = 0.237 nm for Cu150Ag100 samples and Ra = 0.224 nm for the Cu250Ag100 samples, one order of magnitude smaller than the Ag layer.



The resistivity of the thin film is also significantly decreased by the addition of Cu as a seed layer, due to the better wetting of the substrate and formation of a continuous layer. The variation of the Ag100 layer resistivity, with and without the Cu seeding, is represented in Figure 10. It is to be noted that the resistivity is significantly decreased when adding the Cu seeding layer, from 9.73 × 10−5 (Ω × cm) to 2.23 × 10−5 (Ω × cm), whereas the addition of different amounts of Cu does not lead to significant changes. The values for the resistivity are comparable with the ones obtained at higher power inputs on the Ag target, corresponding to the thicker Ag layer.



Figure 11a shows the XRR spectra of Cu/Ag bilayers as a function of the HIPIMS power applied. The resulting thickness and densities are represented in Figure 11b, along with the thickness and densities resulted for the AgDC100 layer for comparison. In the case of Cu seed layer, note the small increasing tendency of thickness (up to 5 nm) and density (up to ~7 g/cm3) at 250 W. Similar behavior was observed also for Ag thickness, slightly higher values being obtained when increasing the power input. However, adding more Cu did not lead to a significant improvement in the overall density of Cu/Ag bilayers. What it is interesting to note is the relative proportion of the oxide as compared with the unoxidized Ag layer. Indeed, for the AgDC100 layer, the thickness of the two components is equal around 4 nm. When adding the Cu seed layer, the thickness of the oxide decreases and that of Ag increases, showing a better stability to oxidation.





4. Conclusions


The effect of Cu addition as a seed layer for continuous, transparent conductive Ag coatings was investigated in an industrial scale setup. The fine tuning of the thickness needed for this purpose was achieved by using a very short process where the substrates passed in front of the target only one time, for a short period of less than 10 s. Additional control over the deposition rate of Copper was obtained by tuning the repetition frequency of the high power pulses, and keeping the pulse characteristics constant. The Cu addition is proven to reduce significantly the resistivity of the film, while maintaining a high transparency in the visible domain. This is done by improving the wetting properties of growing film and reducing the coalescence thickness. The resulting layer is significantly smoother, with surface roughness 10 times smaller than the one of Ag alone.




5. Patents


Patent application OSIM: Sobetkii A., Visan M., Capatina V., Iordache I., Banciu C.A., Vitelaru C., Parau A.C., Pana I., Technology for controlling the coalescence of conductive transparent coatings made of silver with copper addition, A/00768, 9 December 2021.
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Figure 1. Electrical characteristic of the pulses used for deposition of Copper in HiPIMS mode at different average power and same peak current of ~60 A. 






Figure 1. Electrical characteristic of the pulses used for deposition of Copper in HiPIMS mode at different average power and same peak current of ~60 A.



[image: Metals 12 01264 g001]







[image: Metals 12 01264 g002 550] 





Figure 2. Spectrophotometric curves, (a) reflectivity, (b) transmittance and (c) absorbance of Cu thin films deposited at different average HiPIMS power and a peak current of ~60 A. 
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Figure 3. XRR spectra of Cu thin films deposited at 4 power settings of HIPIMS (scattering), and the fitting of the spectra (full line) (a); along with the resulted density and thickness variation as a function cathode power fed (b). 
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Figure 4. Spectrophotometric curves, (a) reflectivity, (b) transmittance and (c) absorbance of Ag thin films deposited at different DC powers, from 100 to 250 W. 
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Figure 5. SEM images of the Ag samples obtained at different DC power inputs: (a) AgDC250, (b) AgDC200, (c) AgDC150, and (d) AgDC100. 
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Figure 6. Average resistivity of the Ag thin films obtained at different HiPIMS powers, as a function of measured film thickness. 






Figure 6. Average resistivity of the Ag thin films obtained at different HiPIMS powers, as a function of measured film thickness.



[image: Metals 12 01264 g006]







[image: Metals 12 01264 g007 550] 





Figure 7. XRR spectra of Ag thin films deposited at 4 power settings of DC (scattering), and the fitting of the spectra (full line) (a); along with the resulted density and thickness variation as a function cathode power fed (the error bars are within symbol limit) (b). 
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Figure 8. Reflectivity (a), transmission (b) and absorption (c) spectra of Ag DC100 monolayer compared with the bilayers including Cu HiP150 and CuHiP250. 
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Figure 9. AFM images of Ag DC 100 monolayer (a) compared with the bilayers Cu150 Ag100 (b) and Cu250 Ag100 (c). 
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Figure 10. Average resistivity of the Ag100 layer as a function of Cu content. 
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Figure 11. XRR spectra of Cu/Ag bilayers (scattering), and the fitting of the spectra (full line) (a); along with the resulted density and thickness variation as a function of Cu content (the error bars are within symbol limit) (b). 
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Table 1. Codification of samples depending on type of power supply and power applied to the cathodes.
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	Sample Name
	Power Supply Type
	Power (W)
	Deposition Time





	AgDC100
	DC
	100
	10 s



	AgDC150
	DC
	150
	10 s



	AgDC200
	DC
	200
	10 s



	AgDC250
	DC
	250
	10 s



	CuHiP150
	HiPIMS
	150
	10 s



	CuHiP250
	HiPIMS
	250
	10 s



	CuHiP500
	HiPIMS
	500
	10 s



	CuHiP750
	HiPIMS
	750
	10 s
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Reflectivity (a.u)

‘Dansty (glom’)

o
v S O
! e i
: =
w :
-
10" 3 s
10°) §§ - —
e i
w )
0
TSRO e eI T E I 2

W e w0z
Grazig cidonce. (dogroos) )

@ ®





media/file4.png
20- T T T T T T T T T T T T 100 T 1 T T T I T T T T T | T
— CuHiP150 90 CuHiP150 |
Z — CuHiP250 1 CuHiP250 |
15 —— CuHiP500 | _ 801 CuHiP500 |
| — CuHiP750 70 CuHiP750 |
—~~ | ,0\60_ —-
210 < 50 ]
¥ <
: _ _ 40 1
5 307 — CuHiP150 | ] 301 ]
_ 201 — CuHiP250 | 20 '
10 ——— CuHiP500 | | ]
o — CuHiP750 | | 104
O T I T T T I T T T I T T T 1 ) T i T ' T ' ! ' T ' ' ' 0 T T T T T T T T T T T T
250 500 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000
A (nm) A (nm) A (nm)

(a) (b) (c)





media/file18.png
31.14nm

0.00nm

0.00nm

_31.14nm
g ' 15.570m
;‘),,' 0nm
" £ Ipm






media/file21.jpg
10

Thckness (om)

Densiy (glom)

CoPEEAGCTON

i " oxpormentl

0

0

0

10

g |COHPTSOATOCT00

101" experimenal

10

04 G5 08 10 1z 14 16 18 20
Grazingncidance0 (Gegroes)

(@

ADCI00 CHPISIADO100 CuP2suAGDCTO)

®)





media/file3.jpg
Zo x| Zol

@ ® ©





media/file22.png
Reflectivity (a.u.)

10"

ICUHIP150/AgDC100

« experimental

CuHIP250/AgDC100
« experimental

4 06

0.8

1.0

1.2

14 16 1.8

Grazing incidence,b (degrees)

(a)

2.0

Thickness (nm)

10 -

9
8 -
7 -

5 -
4
3

—=— AgOx Thickness
—m— Ag Thickness
—O= Cu Thickness

—&— AgOx Dénsity
—e@— Ag Density
—O= Cu Density

=~

S

@ =
/O
O
=
- -

N WO B~ O O N 0 © =

AgDC100 CuHIP150/AgDC100 CuHIP250/AgDC

(b)

o

1
100

Density (g/cm®)





media/file19.jpg
Electrical resistivity, (

AgDC100

CuHiP250/Ag100 -

-
CuHiP150/AgDC100

10 11 12 13
Film thickness (nm)

14





media/file7.jpg
e -
& =
E o o O

@ ®) ©





media/file10.png
Mag= 6000 KX 100 nm WD = 6.8 mm EHT= 500kV  Signal A= SESI Date :9 Nov 2021 Time :17:14:26 NI Mag= 5000K X 100 nm WD= 52mm EHT= 500kV SignalA=InLens  Date:9 Nov2021 Time :17:03:49
Operator = MV ' FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = 7.86e-007 mbar Operator = MV ' FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = 7.86e-007 mb

*

4 i X % &
Mag=10000K X 100 nm WD = 51 mm EHT= 500kV  SignalA=InLens  Date :12 Nov 2021 Time :11:47:13 Mag=10000K X 100 nm WD= 49 mm EHT= 500kV SignalA=InLens  Date :12 Nov 2021 Time :11:56:22
Operator = MV ' " FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = 1.38e-006 mbar| Operator = MV ' A FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = 1.33e-006 mb






media/file14.png
Reflectivity (a.u.)

: AgDC200
100_5 + experimental
10"
1024
10
104
- AgDC100 AgDC150
1073 . experimental | - experimental
6 |

AgDC250
« experimental

0.4 0608 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Grazing incidence,0 (degrees)

(a)

O =~ N WO » 00 O N 00 ©

8
—m— AgOx Thickness | |—=®= AgOx Density
—=— Ag Thickness —e— Ag Density
7 1 o—°
] =]
—~~ 6 _ /
g © %W
— =]
(2] 5 - (=)
=4 -
= -
34 \ -
-
2 I ! I I T I
100 150 200 250
P(W)
(b)

Density (g/cm®)





media/file11.jpg
T T T T T T T

® AgDC100

®AgDC150

\ —8
AgDC2(
\"90C200

AgDC250

0 T T T

80 85 9.0 9t5 10‘.0 16.5 11‘,0 11.5
Film thickness (nm)





media/file6.png
Reflectivity (a.u.)

1
10 CuHiP500 CuHiP750
10°- « experimental | + experimental
1074
1074
10°4
104
< ICuHiP150 CuHiP250 v
10'5 - experimental | ¢ experimental R
10-6_ (1]

Grazing incidence,0 (degrees)

(a)

0.4I016'(')i8l1r0I1j2”1i4|1i6'ii8'210I2.2 24 26 2.8 3.0

I\—l— Thickness\l | \—b— ben’sityf |
® 17

\ @/ ' s
P2

N
1

w
1

Thickness (nm)

P(W)

(b)

2 ! I ' ! ' I ! I ! I ! I ! 2
100 200 300 400 500 600 700 800

Density (g/cm®)





media/file15.jpg
o £t

@ ®) ©





nav.xhtml


  metals-12-01264


  
    		
      metals-12-01264
    


  




  





media/file16.png
T T T T T T T T T T T T T 100 T T T T T T T T T T T T T A 100 T T T T
100, — _ ] y — AgDC100
90 - . . 07 e e wmz'ai i 90 - —— CuHiP150/AgDC100
: CuHiP150/AgDC100 ] 1 - ,! ‘.1 1 CuHiP250/AaDC100
801 CuHiP250/Ag DC100 ] 807 . 807 D
704- - - - soda lime Glass . 70 1 70 1 S0da lime 551ass |
_60- _60] ]
§5o ] 250 ] ]
401 401 ]
307 | [— Agbcioo 307
20 —— CuHiP150/AgDC100 20
10_- — CuHiP250/AgDC100 10_' v
|y T _"\'"'"""""""""""""""""‘“’\qa‘u;.': : ---- soda lime Glass - 3 ) ST M o ‘J~“‘h\i'r o
0 T T T T T T T T T T T T T 0 ' ! ' ! ' ! ' ! ' ! ' ! ' ! 0 — T T T
250 500 750 1000 1250 1500 1750 200C 250 500 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000
A (nm) A (nm) A (nm)

(a) (b) (c)





media/file2.png
2007 —E
0- — 250 W
] —— 500 W
-200 + —— 750 W
> -400 1
ST
-600 - .
-800 - .
-1000 +— . . . .
0 20 40 60 80 100
75— . . .

— 150 W

t (us)





media/file20.png
Electrical resistivity, (Q x cm) x 107

9_
.
-
-
-
4]
3
)
]

10’

04

_AgDc'1oo'

CuHiP250/Ag100

-

|
CuHiP150/AgDC100

10 11 12
Film thickness (nm)

13

14





media/file5.jpg
e b, ],
Tl
-1 B
i .

‘experimental - expermental /
s

(Grazing ncidence  degreee)

@

Densiy (glem’)





media/file1.jpg
200

-200 4
-400
-600 4
-800 4
-1000

u(v)

1(A)

0 20 40 60 8 100
t(us)





media/file12.png
Electrical resistivity, (Q x cm) x 10”

—
o
1

® AgDC100
B AgDC150
|
\.AgDCZOO
AgDC250

85 90 95 100 105 11.0 11.5

Film thickness (nm)






media/file9.jpg





media/file0.png





media/file8.png
100

| [—— AgDC100
{|—— AgDC150

—— Ag DC200
—— Ag DC 250

90 -
80 -
70
60+
50 -
401
30 -
20 -
10-

T (%

250 500 750 1000 1250 1500 1750 2000

(a)

—— AgDC100
—— AgDC150

— Ag DC200
—— Ag DC 250

0 T T T T T T T T ' T ' T ' !
250 500 750 1000 1250 1500 1750 2000
A (nm)

(b)

00—
90 '_1 — AgDC100 ]
80]| —— AgDC150 :
201l | —— AgDC200 ]
s0]| ——AgDC250 _-

% 50- i
< 404 ]
O - T T T T T T T T T T T T r
250 500 750 1000 1250 1500 1750 2000
A (nm)
(c)





media/file17.jpg
©

®

@





