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a b s t r a c t 

Synchronous scattering and diffraction were demonstrated using reflectance from gold nanotextured sur- 

faces at oblique ( θ i = 15 ° and 60 °) incidence of wavelength λ= 405 nm. Two samples of unique auto- 

correlation functions were cost-effectively fabricated. Multiple structure factors of their profiles were 

confirmed with Fourier expansions. Bi-directional reflectance function (BRDF) from these samples pro- 

vided experimental proofs. On the other hand, standard deviation of height and unique auto-correlation 

function of each sample were used to generate surfaces numerically. Comparing their BRDF with those 

of totally random rough surfaces further suggested that structure factors in profile could reduce specular 

reflection more than totally random roughness. 

© 2018 Elsevier Ltd. All rights reserved. 

1. Introduction 

Optical responses of non-smooth surfaces have fertilized var- 

ious applications. For instance, enhanced light absorption bene- 

fits throughput of opto-electronic devices [1-4] . Spatial intensity 

distribution of reflected electromagnetic waves can be interpreted 

to identify surface profiles [5-8] . Other applications include spec- 

tral modulation of absorption/emission [9, 10] , enlargement of Ra- 

man scattering [11, 12] , excitation of diversified resonances [13, 

14] , and frequency shift or magnification of a resonance [15, 16] . 

Among these applications, the non-smooth surfaces were totally 

random rough or periodically structured. The former surfaces have 

a height histogram following normal distribution, and their auto- 

correlation functions (ACF) obey the Gaussian [17] or exponential 

[7, 18, 19] function. Correlation between heights at two locations 

monotonically reduces with distance between the two locations. 

In contrast to totally random rough surfaces, the profile of peri- 

odically structured surfaces repeats itself precisely every period �. 

The height variation within a period may be significant such that 

its histogram does not follow normal distribution. ACF of these sur- 

Abbreviations: ACF, auto-correlation function; BRDF, bi-directional reflectance 

distribution function; FDTD, finite difference time domain; TE, transverse electric; 

TM, transverse magnetic. 
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faces is periodic, and the period is identical to that of surface pro- 

file. 

The profile of slightly periodic surfaces is neither totally random 

rough nor periodically structured. These surfaces have been found 

on glass after being processed by laser [20] and dielectrics after 

physically grinding [21] . Their height histogram follows normal dis- 

tribution, while their ACF’s exhibit oscillations. Heights at positions 

far apart are sometimes positively correlated like those of a peri- 

odic surface. But other times heights are negatively correlated or 

uncorrelated like those of a totally random rough surface. These 

surfaces of oscillating ACF’s are thus considered slightly periodic 

or profiles having multiple structure factors. However, their optical 

responses were rarely investigated and compared with those from 

counterparts, such as totally random rough and exactly periodic 

surfaces. As a result, this work is going to study their bi-directional 

reflectance distribution function (BRDF), the most fundamental re- 

sponse, from non-absorbing metallic surfaces at different angle of 

incidence. 

Both experimental and numerical investigations were con- 

ducted, and their results will be presented. Preparation of sam- 

ples will be briefed, and their profile characteristics will be spec- 

ified. Their ACF and standard deviation of height ( σ ) will be used 

to confirm the success of surface generation as well as to identify 

dominant structure factors. Next, the measured σ and ACF will be 

adopted to numerically generate slightly rough surfaces in mod- 

eling. Totally random rough surfaces having the same σ and their 

ACF following Gaussian statistics will be also generated. The former 

and later surfaces are symbolized with Model and Gauss hereafter, 
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Nomenclature 

C coefficient of Fourier series, m 

F reconstructed surface profile 

h height, m 

I spectral intensity, W/m 

2 /μm/sr 

m diffraction order 

n refractive index 

x, y, z Cartesian coordinate system 

Greek symbols 

δ penetration depth, m 

θ polar angle, degree 

κ extinction coefficient 

� period and structure factor, m 

λ wavelength, m 

ρ′′ 
λ

spectral bi-directional reflectance distribution func- 

tion 

σ standard deviation of height, m 

τ distance, m 

ϕ azimuthal angle, degree 

ω solid angle, sr 

Subscripts 

A, B surface A, B 

d dominant terms in Fourier series 

i incidence 

r reflectance 

x , y average along the x- and y -direction 

6 6-μm-long period 

respectively. Reflectance from these numerically generated surfaces 

will be acquired to compare with that measured from real sam- 

ples. Uniqueness in reflectance caused by structure factors will be 

exhibited and discussed. 

2. Sample preparation and surface analysis 

Fabricating of a sample was composed of roughening a silicon 

piece and coating it with metallic films. Roughness on the silicon 

piece was scratched using a home-built grinder [21] . The grinder 

was composed of a Scotch yoke, Roberval balance, and driving mo- 

tor. The Scotch yoke turned rotary motion of the driving motor 

into linearly back-and-forth motion of a platform. Bottom of the 

platform was attached to a piece of sandpaper. The linear mo- 

tion of sandpaper was then able to scratch surfaces only along 

such direction. The Roberval balance had another two platforms. 

The upper platform supported a silicon piece with its top surface 

being scratched, while the lower platform held a weight. A con- 

stant weight (2 kg) was loaded to give uniform pressure between 

the sample and sandpaper throughout the fabrication. 

Each silicon piece was 40 × 40 mm 

2 , diced from a 508-μm-thick 

and double-side polished crystalline wafer. The crystal orientation 

(100) was set parallel to the linear motion of platform on Scotch 

yoke during 50-minute-long scratching. Sandpapers were renewed 

regularly to assure roughness uniformity. Two types of sandpaper 

were employed, and average diameters of their SiC sands were 

35 μm and 15 μm. After scratching, silicon pieces were cleaned us- 

ing de-ionized water and purged with nitrogen. Pieces scratched 

by larger and smaller sands became supporting substrates of A- 

type and B-type surfaces, respectively. 

Profile of silicon pieces was measured using a contact mode 

of an AFM (Veeco D50 0 0) with a tip of 7-nm-radius. The AFM 

stage resolution along lateral and vertical directions was 1.5 nm 

and 0.1 nm, respectively. Total 3 sampling areas were scanned for 

Fig. 1. Cross-sectional view of sample height averaged along y -direction h ȳ and its 

two bounds h y ± σy for: (a) Sample A; (b) Sample B. The inset is contour of mea- 

sured height before averaging. 

each piece. A scanning area was 10 μm × 10 μm, and 512 × 512 data 

points of height h ( x, y ) were recorded. h x̄ , ̄y was the average of 

height, where the subscript x̄ , ̄y symbolize the average over both 

x - and y -directions within the piece. The height standard deviation 

( σx̄ , ̄y ) could be obtained in the following: 

σx̄ , ̄y = 

√ [
h (x, y ) − h x̄ , ̄y 

]2 

3 · 512 · 512 − 1 

(1) 

The σx̄ , ̄y were 58 nm and 35 nm for A-type and B-type surfaces, 

respectively. That is, larger sand particles brought about a rougher 

profile, i.e., larger σx̄ , ̄y . 

Each roughened silicon piece was then coated with metallic 

films exploiting a physical vapor deposition technique [22] . Dur- 

ing deposition, target metal billets in a crucible were heated into 

vapor. The crucible was under a silicon piece and faced directly 

to the roughened surface. Evaporated metallic atoms from the cru- 

cible were condensed and solidified on the rough surface slowly. 

The silicon surface was then gradually covered by a film. Thick- 

ness of the film could be controlled by deposition time. A 10-nm- 

thick Cr layer was deposited as an adhesive layer before coating a 

100-nm-thick Au film. After coating two metals, A-type and B-type 

surfaces became Sample A and Sample B, respectively. Their pro- 

files were measured using the above-mentioned AFM again. The 

σx̄ , ̄y averaged over 3 areas of Sample A and Sample B were 57 nm 

and 47 nm, respectively. It is clear that a rougher silicon substrate 

led to a rougher Au surface, i.e., σx̄ , ̄y is lager for Sample A than 

Sample B. Because σx̄ , ̄y did not vary much before and after coat- 

ing, many profile characteristics were transferred from silicon to 

Au. Reasons for imperfect profile transfer were non-uniform film 

thickness and inconsistent sampling areas. Although two metallic 

films were on a sample, Sample A and Sample B could be viewed 

as rough surfaces above a semi-infinite Au substrate because the 

100-nm-thick Au was opaque to 405-nm-wavelength light studied 

here. Au was selected for its resistance to oxidation, popularity in 

diversified applications, and capability in exciting surface plasmon 

[23] . 

Fig. 1 (a) and (b) show measured height h ( x, y ) of 3 areas from 

Sample A and B, respectively. Because samples were scratched 

along the y -direction during fabrication, surface profiles varied in- 

significantly along that direction. In contrast, the profile varied 

much along the x -direction. For a fixed x , h ȳ (x ) was the height av- 
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