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Summary: The surface roughness is an important parameter in determining the physical properties and 

quality of thin films deposited by physical vapor deposition (PVD) method. The presence of an 

intermediate layer between metallic nanoparticles and substrate significantly promotes the adhesion and 

reduces the surface roughness. In this article, we have investigated the effect of Chromium (Cr) seed 

layer to optimize the surface roughness on the growth of as-deposited silver (Ag) film using borosilicate 

glass and silicon wafer substrates. For this purpose, Ag thin films were deposited with a Cr seed layer of 

different thickness on borosilicate glass and silicon wafer substrates using an electron beam (E-Beam) 

deposition method. The Cr thin film of different thickness ranging from 1 nm to 6 nm was thermally 

evaporated and pure Ag with the same thickness was evaporated at the same rate on previously coated 

substrates. The deposition of the nanostructured thin film was confirmed by UV-Vis and XRD 

characterizations. The difference in transmittance for uncoated and coated substrates ensured the 

deposition. The presence of pure Ag crystalline phase was confirmed by XRD pattern.  Surface 

roughness was measured using Atomic Force Microscopy (AFM) and the conductance was measured 

using 4-probe conductivity method. The density of nanoparticles and smoothness were visualized from 

two dimensional (2D) and three dimensional (3D) surface height histograms of representative AFM 

images. The quantitative roughness was measured in terms of root mean square (RMS) roughness and 

mean roughness. The high dense and smoother thin films were found for ~2-4 nm Cr layer thickness in 

case of the glass substrate. The slight increase in roughness was observed for ~1-6 nm Cr layer thickness 

in case of the silicon substrate. The dependence of the conductivity of thin films on surface roughness is 

investigated to verify the effect of surface roughness on different applications of Ag thin film. The 

conductance results have been analyzed as; for a glass substrate, conductivity was maximum for thin 

films containing ~2 nm Cr seed layer thickness, while for silicon substrate the maximum conductivity 

was found for the thin film containing ~1 nm Cr seed layer. 
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Introduction  

 

Surface roughness is an important parameter 

for determining the surface morphology, which is 

needed for confirming suitability of surface for its 

function. Surface morphology includes surface finish, 

surface shape, surface area roughness (Sa), or in surface 

profile roughness (Ra), structural characterization, 
asperity, and surface texture. Several preparation 

conditions and growth techniques would lead to a wide 

range of film microstructures and interface/surface 

morphologies that are inherently associated with 

different growth methods; the film deposition may not 

grow in a layer-by-layer manner and rough surface is 

produced instead of growth. Surface roughness has a 

direct effect on the electrical, mechanical and optical 

quality of thin film devices and becomes a significant 

parameter for solid thin films that are prepared for 

optical wave-guides [1, 2] multilayer interference filters 

[3, 4] and optical resonant filters [5, 6]. 

 

Numerous metals and metal oxides from the 

periodic table were used as a seed layer such as Nickel 
(Ni) [6], Copper (Cu) [7], Tantalum (Ta) [8], Zinc oxide 

(ZnO) [9], and Titanium oxide (TiO2) [10] etc for the 

improvement of the adhesion of the main layer to the 

substrate.  According to our knowledge until the write-

up of this paper, the best seed layer metal is the Cr metal 

explained by Marietta Seifert et al., [11] after 

comparison of Titanium, Chromium, Tungsten, 

Platinum, and Tantalum but he did not optimize the Cr 

seed layer thickness. In our research, we optimize the 
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thickness of Cr seed layer for getting the optimized 

surface roughness of as-deposited Ag film which has 

not been studied yet. We select the Ag film because of 

its peculiar properties and widely applications in optical 

devices [12, 13], solar devices [14, 15], sensors [16], 
electronic [17], plasmonic devices [18], and 

antibacterial areas [19]. The performance of Ag thin 

film is sensitively dependent on texture, size, 

composition, and spacing between nanostructures [20], 

[21]. Although many devices were successfully 

developed using Ag films, the performance of such 

devices was deteriorated by the tendency to form 

isolated islands and to duet due to roughness [22, 23]. 

This problem was occurred due to the limited adhesive 

ability of metallic nanoparticles on silicon or glass 

substrate [21]. The nanostructured hematite films 

modified with Au nanoparticles were prepared to 
enhance the performance of photoanodes for solar water 

oxidation [24] and solar cells [25]. The deposition was 

achieved by electron beam evaporation due to the large 

angle between the electron beam and substrate. The 

photoelectrochemical performance of hematite films 

was optimized by controlling the preparation conditions 

including annealing temperature, film thickness and 

performing evaporation under oblique conditions. It has 

been also proven from many theoretical and 

experimental studies that the presence of an 

intermediate layer between metallic nanoparticles and 
substrate significantly promote the adhesion ability [23], 

[26, 27].  

 

The influence of thin evaporated germanium 

(Ge) seed layer [27] on an oxide-coated or silicon 

substrate was investigated for depositing smooth Ag 

films. The presence of Ge seed layer improved the 

growth kinetics of deposited Ag film with surface 

morphology and conductivity. Instead of Ge, Chromium 

(Cr) interlayer [28] was introduced to increase the 

adhesion ability of Ag nanoparticles on a glass substrate.  

An effect of Cr Seed layer [26] on optical properties and 
microstructure of Ag thin film on the glass substrate was 

studied using XRD and spectrophotometer. The results 

showed that introducing a Cr seed layer enhanced the 

reflectivity and smoothness of Ag thin films. The effect 

of Cr seed layer [21] on optical properties of hybrid Au-

Ag nanoparticles was also systematically studied using 

numerical method and experiment. The hybrid 

nanostructure with different thickness of Cr intermediate 

layer was fabricated. The increase in surface plasmon 

resonance and refractive index sensitivity was observed 

with increasing Cr intermediate layer thickness. These 
systematic studies have confirmed the improving effect 

of Cr interlayer on the growth of Ag thin films, 

motivating this comprehensive study for optimization. 

In addition, the basic phenomena’s of nano structures 

fabrication for multiple applications were also explained 

in the literature [29-33]. 

 

The main objective of this investigation was to 

compare the effect of different thickness of Cr seed 
layers for Ag thin films deposited on glass and silicon 

substrate. As the seed layer is the most important 

parameter for adhesion between the substrate and the 

required materials for many laboratory and industrial 

applications particularly in a chemical and biological 

application. So, we optimize the seed layer between the 

glass/ silicon wafer substrate to get the surface 

roughness with maximum conductivity. The UV-vis and 

XRD. The Ag thin films were characterized in terms of 

surface roughness and conductance by Atomic Force 

Microscopy (AFM) and four probe methods 

respectively. With such scale deposition, we have found 
the optimize seed layer thickness of Cr with improved 

film quality and substrate adhesion which in turn also 

increased the conductivity of as-grown Ag samples. 

 

Experimental 

 

The Cr (99.999%, Silkroute Minerals, 

Pakistan) seed layer and Ag (R &D research and testing 

/ analysis) thin films were fabricated on glass (Donghai 

Kaiwang Quartz Product CO., LTD) and silicon wafer 

(p-type, 100, 1-100 Ω-cm) substrates using electron 
beam evaporation method by electron beam evaporator 

(Ningbo Leadmed Technology Co., Ltd.). Electron 

beam evaporation concentrates a large amount of heat 

produced by high energy electron beam bombardment 

on the source material to be deposited. The electron 

beam is generated by an electron gun that uses the 

thermoionic emission of electrons produced by an 

incandescent filament. A magnet focuses and bends the 

electron trajectory so that the beam is accelerated 

towards a graphite crucible (Liaoyang Hongtu Company 

LTD.) containing the source material. As the beam 

rotates and hits the surface of the source material, 
heating and vaporization occur. The vapor flow then 

condenses onto the substrate surface located at the top of 

the vacuum chamber. One can increase coating density 

by increasing the time of electron beam evaporation, 

possibly creating thicker coatings and thus, altering 

surface roughness. This whole mechanism was also 

pretty explained by the schematic in Fig. 1.  

 

Prior to deposition of Cr and Ag thin films, all 

the glass and silicon wafer substrates were cleaned by 

using the acetone, isopropyl alcohol (IPA), and DI 
water. The source to substrate distance was fixed at 20 

cm. During the deposition process, high vacuum 

conditions ~1.5× 10-6 Torr have been achieved, and the 

deposition was done at a rate of ~ 0.9 Å/s on the 

substrates with no rotation of the substrate. The overall 
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thickness of thin films was monitored throughout the 

deposition process by using quartz microbalance (QMB 

200 monitor, crystal: 6 MHz, non-magnetic with 10mm 

diameter), positioned at a normal incident angle to the 

vapor source. To investigate the effect of Cr seed layer 
on the as-deposited Ag film, the surface roughness and 

the conductivity were measured. For this study, six 

borosilicate glass substrates and six silicon wafer 

substrates samples were used to check the seed layer 

effect on both substrates for comparison. For this 

purpose.  First Cr seed layer with a thickness of ~1-6 nm 

was deposited on the glass and silicon substrates and 

then Ag thin film with same deposition rate. E-Beam 

deposited Ag thin film with 20 nm thickness was 

monitored in all samples. The schematic diagram 

representing the detail of samples is shown in Fig. 2. 

 
 

Fig. 1: Schematic diagram of the electron beam 

evaporation process used in this study to create 

nanometer surface features on glass and silicon 

wafer substrate 

 

 
 

Fig. 2: Schematic diagram of the electron beam 

evaporation process used in this study to 

create nanometer surface features on glass 

and silicon wafer substrate 

 

To confirm the elemental deposition of Cr-

Ag thin film the X-ray diffraction (XRD) patterns 

were recorded on Empyrean diffractometer using a 
Cu tube operated 40 kV and 30 mA. The diffraction 

data were recorded in the range of Bragg angles 

10.02-70.98o. All XRD measurements were taken on 

ambient temperatures. The optical transmission 

spectra of the coated and uncoated substrate were 

acquired using Cary 5000 UV-Vis-NIR 

spectrophotometer.   
 

To investigate the surface morphology, all 

the samples were characterized by an Atomic force 

microscope (AFM) with a scan size of 5 µm × 5 µm 

scan size at ambient conditions. The collected 

image's data were analyzed qualitatively and 

quantitatively using the Gwyddion software. The 2D 

and 3D images data were characterized and surface 

roughness in term of root mean square roughness 

(Sq) and mean roughness (Sa) was measured 

quantitatively for getting a better comparison of Cr 

seed layer thickness on glass and silicon substrate. 
 

The electrical conductivity of the thin film 

was measured using a four-point probe apparatus at 

room temperature. A constant current (I) from the 

current source was passed through the outer pair of 

probe tips and potential drop (V) was measured 

across two inner probe tips. The current and voltage 

were measured using a digital panel meter and power 

supply unit. The resistivity (ρ) was measured using 

equation 1. 

 

    (1) 
 

where t is the thickness of the sample and CF is 

geometrical correction factor. CF=π/ln2, when the 

spacing between probe tips is very small than the 

dimension of the sample. The electrical conductivity 

(σ) was measured by equation 2. 

 

     (2) 

 

Results and Discussion 

 

XRD and UV-Vis Characterizations 

 

The transmittance spectrum obtained from 

uncoated and Ag-coated Si substrate with the 
variation of Cr seed layer thickness is shown in Fig. 

3. The transmittance spectrum on the bare substrate is 

100% on 200 nm wavelength while for Ag and Ag-Cr 

thin film deposition the significant reduction in 

transmittance was observed probably due to the 

reflection behavior of Ag deposited films. The higher 

transmittance was observed on the majority of 

wavelength. The transmittance spectrum obtained 

from uncoated and Ag-coated glass substrate with the 
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variation of Cr seed layer thickness is shown in Fig. 

4. The transmittance for glass substrate is 

approximately 100% while it decreased from 100 to 

zero within the range of approximately 100 nm 

wavelength variation. A little variation was observed 
with the variation of a small range of Cr layer 

thickness. The deference in UV-Vis spectra for 

uncoated and coated substrates confirmed the 

deposition of nanostructured films. Moreover, the 

deposition was confirmed by XRD. The XRD pattern 

for the silicon substrate is shown in Fig.5. The basic 

characteristic of investigated thin films is the 

presence of a pure Ag crystalline phase found in all 

samples. The increase in peak was observed with Cr 

seed layer thickness.  

 

200 300 400 500 600 700 800

10

20

30

40

50

60

70

80

90

100

T
ra

ns
m

it
ta

nc
e 

(%
)

Wavelength (nm)

 Bare Silicon

 Bare Ag

 Ag-Cr 2 nm

 Ag-Cr 4 nm

 Ag-Cr 6 nm

 
 

Fig. 3: Variation of Transmittance with wavelength 

for Cr – seed layer on a silicon substrate. 
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Fig. 4: Variation of Transmittance with wavelength 

for Cr – seed layer on a glass substrate. 
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Fig. 5: Variation of intensity with an angle for Cr – 

seed layer on a glass substrate using XRD. 

 

Surface Roughness features by atomic force 

microscopy (AFM) 

 

Surface roughness is a measure of surface 
irregularity or unevenness along out of the plane of a 

thin film. They play a key role in transport & optical 

properties like by inducing surface states, traps, 

scattering sites, etc. to name a few. The roughness for 

thin films is widely reported in two ways, one is 

average roughness and other is the root mean square 

(rms) roughness. They represent the deviation of 

hillocks and valleys (or pits) on the film surface from 

a reference plane. Avg. roughness is simply the avg 

of positive (hillocks deviation) and negative (valley 

deviation) values from the reference plane. Which is 

not truly reflecting the surface deviation? We also 
calculate the rms and means roughness of each 

sample discussing in this article and compared all the 

samples with a different thickness of Cr on the glass 

and silicon substrates and got the optimized Cr seed 

layer thickness on as-deposited silver film.     

 

The representative AFM data of Ag thin 

films on glass and silicon substrates is shown in Fig. 

6 and Fig.7 respectively. The two-dimensional (2D) 

surface height data is represented in the first column 

of these figs, while the second column is representing 
the three-dimensional (3D) peak height histograms of 

representative AFM image. For all samples surface 

roughness measurements, we used portable AFM 

(The physlab, Lahore University of Management 

Sciences-Pakistan), having very high resolution ~ 

0.16 nanometer with different operational modes. 

The density of nanoparticles and smoothness can be 

visualized from the representative images. The 

quantitative measured values of root mean square 
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(RMS) roughness and mean roughness are given in 

Table-1. For glass substrate, the RMS roughness and 

mean roughness were found the minimum for Cr 

thickness of 2 nm. The values of roughness for 3 nm 

and 4 nm were also found in a small range near to the 
thickness of 2 nm. The increase in roughness was 

observed when Cr layer thickness increases from 

4nm. Its surface topography was clearly shown in 

Fig. 6.  

 

 
 

Fig. 6: Surface topography of as-deposited Ag thin 

film with Cr seed layer effect on glass 

substrates. 

 

Table-1: The quantitative values of roughness using 

AFM. 
Sample 

# 

Glass 

substrates 
Silicon Substrates 

 

RMS 

roughness 

(Sq) 

Mean 

roughness 

(Sa) 

RMS 

roughness 

(Sq) 

Mean 

Roughness 

(Sa) 

1 13.30 nm 6.81 nm 8.967 nm 6.928 nm 

2 3.565 nm 2.776 nm 9.173nm 7.309nm 

3 3.739 nm 2.822 nm 13.24 nm 7.74 nm 

4 4.336 nm 3.079 nm 13.52 nm 8.09 nm 

5 14.30 nm 7.59 nm 10.53nm 8.17 nm 

6 15.23nm 9.87 nm 10.57 nm 8.48 nm 

 

For silicon substrate, the minimum 

roughness was observed for Cr seed layer thickness 

of 1 nm and the little increase in roughness was 

observed for samples having a thickness of 2 nm to 6 

nm. However, the difference in values of roughness 

was found smaller as compared to the glass substrate.  

It means homogeneity was higher as compared to the 
glass substrate. The variation of mean roughness with 

a variation of Cr seed layer thickness on a silicon 

substrate was shown in Fig. 7. 

 

 
 

Fig.7: Surface topography of as-deposited Ag thin 

film with Cr seed layer effect on silicon 
substrates. 

 

In addition, the surface morphologies of as-

deposited Ag films using a Cr seed layer were 

analyzed for comparison as shown in Fig.8. This 

graphical trend shows a novel and promising an 

optimized result that the surface morphologies using 

silicon wafer is better as compared to the glass 

substrate (Verified from AFM images of Fig. 6 and 

Fig. 7). This goodness of silicon substrate was 

because silicon substrate shows better local surface 
roughness and overall bulk flatness, homogeneity of 

refractive index (or differences with the film) and 

absence of secondary back reflection (not being 

transparent and thick) would make silicon a better 

substrate for seed layer activeness. 
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Fig. 8: Variation of mean surface roughness with a 

variation of Cr seed layer thickness on the 

glass and silicon substrates 

 

Conductivity analysis using four probe method 
 

The four-point probe was applied in this 

experimental research as it is preferable over a two-

point probe because the contact and spreading 

resistances associated with the two-point probe are 

large and the true resistivity can't be separated from 

the measured resistivity. In a four-point probe, a very 

little contact and spreading resistance is associated 

with the voltage probes and hence one can obtain a 

fairly accurate calculation of the resistivity. The use 

of four probe eliminates errors due to the probe 
resistance, the spreading resistance under each probe, 

and the contact resistance between each metal probe 

and semiconductor material. So, it was examined that 

the conductivity of thin films is dependent on surface 

roughness, as an increase in conductivity was 

observed with improvement in surface morphology. 

For a glass substrate, the conductivity of samples 

with 2 nm, 3 nm, and 4t nm was found higher as 

compared to remaining samples. For a silicon 

substrate, the decrease in conductivity was observed 

with an increase in Cr. Intermediate thickness from 1 

nm to 6 nm. The values of conductivity for both 
substrates were given in Table-2 and Table-3. The 

variation of conductance with a variation of Cr seed 

layer thickness was shown in Fig. 9. 

 

Table-2: Conductivity at an average value of current 

voltage for a glass substrate. 
Cr Seed Layer Glass substrate 

 V (V) I (A) t (cm) ρ (Ωcm) σ  

1 0.550638 9.18E-10 0.1800021 4.89E+08 2.04E-09 

2 0.464756 2.17E-07 0.1800022 1745715 5.73E-07 

3 0.394585 1.24E-08 0.1800023 25872529 3.87E-08 

4 0.543844 7.62E-09 0.1800024 58263388 1.72E-08 

5 0.543039 3.87E-09 0.1800025 1.14E+08 8.74E-09 

6 0.550017 6.99E-10 0.1800026 6.42E+08 1.56E-09 

Table-3: Conductivity at average value of current 

voltage for silicon substrate. 
Cr Seed Layer Silicon Substrate 

 V (V) I (A) t (cm) ρ (Ωcm) σ 

1 0.550496 6.32E-05 0.040002 1578.191 0.000634 

2 0.550536 4.64E-05 0.040002 2151.426 0.000465 

3 0.550055 3.78E-05 0.040002 2635.432 0.000379 

4 0.969591 4.96E-05 0.040002 3540.973 0.000282 

5 0.550231 2.25E-05 0.040003 4429.094 0.000226 

6 0.678534 2.23E+00 0.040003 5517.566 0.000181 

 

 

6.34x10-4

4.65x10-4

3.79x10-4

2.82x10-4

2.26x10-4

1.81x10-4

2.04x10-9

5.73x10-7

3.87x10-8

1.72x10-8

8.74x10-9
1.56x10-9

0 2 4 6

0

1x10-4

2x10-4

3x10-4

4x10-4

5x10-4

6x10-4

7x10-4

 Silicon Substrate

 Glass Substrate

s
 (

W
-

1
cm

-1
)

Layer Thickness (mm)

0

2x10-7

4x10-7

6x10-7

 
 

Fig. 9: Variation of conductance with a variation of 

Cr seed layer thickness on the glass and 

silicon substrates using 4 probe conductivity 
method 

 

Conclusion 
 

The Ag thin films were characterized in 

terms of surface roughness and conductance. The 2D 

and 3D AFM data were analyzed. It was found that 

the introduction of 2 to 4 nm Cr layer on glass 

substrates promotes the growth of uniform and dense 

films. The surface roughness increases when the 

thickness of the seed layer increases from 4 nm. For 

silicon substrate the surface roughness little increases 
with the increases of Cr seed layer from 1 to 6 nm. 

However, variation in roughness is small for the case 

of the silicon substrate. The conductivity increases 

with the decrease of roughness. For glass substrate, 

the conductivity is maximum for sample 2 containing 

2 nm seed layer, while for silicon substrate the 

maximum conductivity is achieved for 1 nm Cr seed 

layer. Hence for glass substrate 2 nm Cr. layer 

thicknesses is optimum, while for silicon substrate 

the optimum thickness is 1 nm. The conductance is 

highly dependent on surface morphology as both high 

conductance and smoothness are achieved at the 
same thickness. 
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	To investigate the surface morphology, all the samples were characterized by an Atomic force microscope (AFM) with a scan size of 5 µm × 5 µm scan size at ambient conditions. The collected image's data were analyzed qualitatively and quantitatively us...
	The electrical conductivity of the thin film was measured using a four-point probe apparatus at room temperature. A constant current (I) from the current source was passed through the outer pair of probe tips and potential drop (V) was measured across...
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	where t is the thickness of the sample and CF is geometrical correction factor. CF=π/ln2, when the spacing between probe tips is very small than the dimension of the sample. The electrical conductivity (σ) was measured by equation 2.
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