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Abstract— This work presents a comprehensive simulation-

based study of surface roughness-induced loss and phase 

variation in silicon photonic waveguides extended to centimeter-

scale lengths. Our results indicate that subtle changes in the 

surface roughness profile can yield measurable variations in 

overall device performance, despite maintaining the same root-

mean-square (RMS) roughness amplitude and correlation 

length. We compare waveguides' performance as a function of 

different roughness parameters and use a variational finite-

difference time-domain framework to handle large-scale 

computations. The data reveal that even modest increases in 

roughness (σRMS) or correlation length can lead to significant 

scattering loss and phase uncertainties when segments are 

stitched together randomly. These findings underscore the need 

for precise control over the sidewall fabrication process and 

highlight the value of statistical modeling techniques in 

designing robust photonic devices. 
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I. INTRODUCTION 

Silicon photonics has emerged as a pivotal technology for 
integrated optical systems, providing high-density, low-cost 
solutions for data center interconnects, on-chip 
communication, and a broad array of sensing applications 
[1][2]. Waveguides fabricated on silicon-on-insulator 
substrates form the backbone of these systems [3][4], 
exploiting the high refractive index contrast between silicon 
and silicon dioxide to tightly confine light within 
submicrometer geometries. However, as waveguide 
dimensions shrink, scattering losses caused by nanoscale 
sidewall roughness become increasingly significant [5]. Even 
small deviations, on the order of a few nanometers can 
translate to measurable increases in attenuation and phase 
mismatch, which can severely impact performance in longer, 
more complex photonic circuits [6]. 

Fabrication imperfections typically manifest in the form of 
random peaks and valleys along the waveguide perimeter [7] 
[8]. Their characteristics are often described by a root-mean-
square (RMS) amplitude and a correlation length that 
establishes how frequently the boundary profile fluctuates [9]. 
These roughness parameters are crucial, yet they do not alone 
capture the complete picture, because the exact spatial 
placement of roughness features also matters. While a single 
waveguide segment of a few micrometers may show 
manageable losses, concatenating many such segments to 
reach centimeter-scale lengths amplifies the cumulative 
effects of scattering. Furthermore, practical photonic systems 
operate under conditions where thousands of individual 
waveguide segments may need to be assembled or 

interconnected [10]. Each segment, although nominally 
similar, has its own unique random roughness “fingerprint,” 
which can produce substantial variations in insertion loss and 
phase shifts across a large device population [11] [12]. Such 
variability poses challenges for high-volume manufacturing, 
where consistent device behavior is essential for widespread 
adoption. 

The work reported here addresses the pressing need to 
understand and statistically quantify these random variations. 
By generating an extensive set of waveguide samples with 
controlled yet stochastically distributed sidewall roughness, 
we employ a full 3D finite-difference time-domain (FDTD) 
and variational finite-difference time-domain (VarFDTD) 
approach to simulate electromagnetic propagation with 
reduced computational overhead compared to full 3D models. 
We then create one-centimeter-long waveguides by stitching 
together random sequences of 10 µm segments drawn from a 
library of samples, thereby revealing how global device 
properties emerge from local roughness fluctuations. Our 
findings underscore the importance of advanced fabrication 
techniques, such as refined lithography and etch processes, 
aimed at minimizing roughness in critical photonic 
infrastructure. This study also highlights the necessity for 
statistical design margins and reliability analysis in 
commercial photonic integrated circuit applications.  

II. RESULTS AND DISCUSSION 

 In Fig. 1(a), a 3D perspective of a silicon waveguide 
wrapped in SiO2 (hidden for clarity) with roughness (σRMS) of 
5 nm and a correlation length (LC) of 100 nm in the x, y, and z 
directions. This depiction emphasizes the presence of 
roughness along the waveguide’s top surface and sidewalls, 
which differs from the ideal, perfectly rectangular geometry 
that designers typically aim to achieve. Even though the 
absolute scale of these irregularities is small relative to the 
wavelength of light used in telecommunications (usually 
around 1.55 µm), they can still produce a significant scattering 
effect over longer propagation distances [13]. Fig. 1(b), 
presented from the top (XY) view, provides a clearer 
visualization of how lateral roughness modifies the waveguide 
width from its nominal size [14]. The correlation length of 
100 nm means that localized surface variations are not merely 
random bumps but rather have a spatial coherence over that 
scale. Fig. 1(c) shows the optical mode profile in the plane of 
the waveguide cross-section, viewed from the front (across the 
waveguide cross-section), depicting that the considered 
simulation region is quite large enough, leading to higher 
accuracy in the obtained results. To illustrate the baseline 
scenario, Fig. 1(d) captures the electric field for a perfectly 
smooth waveguide without roughness. The field contours here 
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are symmetrical, with minimal radiation extending beyond the 
core boundaries, except for the expected evanescent decay. By 
contrast, Fig. 1(e) shows how the electric field evolves in the 
presence of roughness with σRMS = 1 nm at LC = 100 nm. 
Although 1 nm is often considered a small deviation relative 
to the overall waveguide dimensions, the figure demonstrates 
that even these slight imperfections can cause noticeable 
distortions and scattering in the local field [15]. Fig. 1(f) 
provides loss variation across the waveguide length for 
different σRMS. A higher σRMS leads to more intense scattering 
of the guided mode, leading to larger propagation losses over 
distance [16].  

Fig. 2 illustrates the impact of σRMS and LC on both loss 
and phase for a 10 µm long silicon waveguide, comparing 
cases of roughness on all surfaces versus roughness confined 
only to the sidewalls (YZ plane) under varying σRMS. As the 
σRMS increases, there is a rise in the propagation loss (Fig. 
2(a)), due to a greater fraction of light scattered out of the core 
[2]. Phase changes also increase (Fig. 2(b)) with greater σRMS 
because the effective index perturbation accumulates along 
the 10 µm waveguide. All-around roughness, given the same 
σRMS, leads to higher loss and more phase deviation because 
the top surface, bottom interface, and sidewalls all introduce 
scattered fields into the simulation space. Sidewall-only 
roughness tends to isolate the scattering to the perimeter 
regions where the field intensity may be largest for a 
horizontally polarised mode, though the lack of top and 
bottom roughness can reduce the overall scattering volume. 
When the LC is reduced to 10 µm for X & Y axes, for higher 
values of σRMS (>6nm), loss is a bit less (Fig. 2(c)) for all-
around roughness due to effective volume increases as 
compared to the only sides roughness but suffers from higher 
phase variations (Fig. 2(d)) because rapid lateral variations 
can introduce additional spatial frequencies that interact with 
the guided mode, potentially leading to stronger or more 
broadband scattering. 

Fig. 3 compares two simulation methods, 3D-FDTD and 
VarFDTD, for predicting the loss and phase response of a 
10 µm long silicon waveguide and extends the analysis to a 
silicon nitride waveguide under sidewall roughness 
conditions. Because of the differences in how each method 
accounts for out-of-plane field components, there are slight 
discrepancies in the calculated loss (Fig. 3(a)) and phase 
values (Fig. 3(b)), particularly at higher σRMS. Both methods, 
however, show the same qualitative trends: increasing the 
σRMS of the sidewall roughness results in larger scattering 
losses. LC for side roughness modulates how these scattering 
centers are distributed along the waveguide axis. In Fig. 3(c) 
and (d), results are for Silicon Nitride (Si3N4) as the core 
material for the waveguide, which is operated at 780nm 
wavelength. The figure shows that for comparable σRMS, Si3N4 
waveguides can exhibit lower losses as compared to Si-
waveguides when the sidewalls (the XZ plane) are rough, 
particularly if the correlation length is comparable to the 
waveguide physical dimensions (thickness). Phase shifts also 
remain lower for Si3N4 waveguides as compared to Si 
counterpart across the whole range of σRMS. 

Fig. 4 presents the loss and phase variation observed in 100 
samples of a 10 µm long silicon waveguide, all containing the 
same sidewall σRMS but with distinct random placements of the 
roughness peaks. Although the σRMS remains constant in all 
cases, subtle differences in how the peaks and valleys align 
along the waveguide sidewalls give rise to unique scattering 

centers that can direct light into radiation modes or shift the 
effective waveguide index differently. This variability leads to 
a spread in both the measured loss and phase values across the 
one hundred samples, demonstrating that nominally identical 
fabrication processes can yield variations in device 
performance when random sidewall irregularities are present. 

The roughness with a constant value of LC for a waveguide 
may not represent the realistic picture as for a longer 
waveguide, LC can vary along the length considering an 
average value of σRMS. Thus, to average out the randomness of 
the smaller waveguides, we combined the different random 
smaller waveguides to make a larger waveguide with the same 
LC and σRMS. Fig. 5 shows the loss and phase variation across 
10k distinct 1cm long silicon waveguides, each constructed by 
randomly stitching together 1000 segments of 10 µm 
waveguides out of 100 sample geometries with identical σRMS 
but different random placements of roughness. Because each 
10 µm segment originates from an etch process that might 
produce unique sidewall features along the waveguide edges, 
adding a small ensemble of such segments in a random 
sequence creates an array of possible waveguide realisations. 
This effect is especially relevant when waveguides become as 
long as 1cm, which amplifies minor scattering differences that 
might be negligible in shorter sections for a few random 
samples. The average loss/phase variation for LC=50nm is 
less/more than for waveguides with LC=100nm across the 
σRMS range. 

These findings highlight the importance of not only 
managing the σRMS and LC in waveguide fabrication but also 
recognizing that seemingly identical processes can yield a 
distribution of device performances once one considers many 
independent sections. The random variations reflect the reality 
that large-scale integrated photonics inevitably involves 
thousands or millions of waveguide elements whose sidewall 
profiles are not perfectly replicated. Understanding how the 
concatenation of random segments impacts total loss and 
global phase is essential when designing longer photonic 
paths, such as those required for delay lines, sensors, and 
complex interferometric circuits. Improvements in 
lithographic resolution, etch chemistry control, and post-
processing techniques that smooth sidewalls can reduce the 
spread of results observed here by driving the σRMS to sub-nm 
levels or by suppressing high spatial-frequency irregularities. 
Nevertheless, even advanced processes cannot entirely 
eliminate random variations, so computationally efficient 
methods like FDTD, combined with statistical analysis of 
device ensembles, provide valuable insights into the expected 
performance range in real-world photonic systems. 

III. CONCLUSIONS 

Our work shows that the presence of sidewall surface 
roughness at waveguides can have a significant impact and 
lead to signal loss and transmission. The results of our large-
scale numerical investigations confirm that sidewall 
roughness remains a key determinant of loss and phase 
behavior in silicon photonic waveguides. Even when 
waveguides share identical σRMS and LC, randomizing the 
placement of roughness peaks in each segment introduces 
notable variability in cumulative scattering. By stitching 
together multiple 10 µm sections with distinct roughness 
profiles, we have replicated the construction of practical long 
waveguides in real photonic circuits. The observed spread in 
performance emphasizes how variations in fabrication can 
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lead to inconsistent device characteristics, even under 
nominally similar process conditions. As silicon photonics 
continues to expand into new applications, from quantum 
photonics to advanced computing architectures, a deep 
understanding of roughness-induced loss and phase variation 
will be instrumental in pushing the limits of integration 
density and device functionality. 
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Fig. 1. (a) 3D perspective view of Silicon waveguide with roughness of σRMS = 5nm and corelation length (LC (X/Y/Z)) = 100nm (b) YZ view of the Silicon 

waveguide (c) Mode profile in XY plane (d) Electric field profile of the plane Silicon waveguide without roughness (XZ plane) (e) Electric field profile of the 
Silicon waveguide with roughness of σRMS = 1nm and LC (X/Y/Z) = 100nm (XZ plane) (f) Loss variation across the length of Silicon waveguide for different σRMS 

    
Fig. 2. Loss and Phase variation of a 10µm long Silicon waveguide for different roughness all around and only sides (XZ plane) with various σRMS values and 
(a) & (b) LC (X/Y/Z) = 100nm; (c) & (d) LC (X/Y) = 10nm and LC (Z) = 100nm respectively (Full 3D-FDTD) 

      
Fig. 3. (a) & (b) Comparing the effect of 3D-FDTD and VarFDTD simulations on loss and phase variation of a 10µm long Silicon waveguide (c) & (d) loss 
and phase variation of a 10µm long Silicon Nitride waveguide for different roughness (only sides- XZ plane) with various σRMS and LC (X/Y/Z) values, respectively 

      
Fig. 4. Loss and phase variation in 100 samples of a 10µm long Silicon waveguide with same roughness (σRMS) only on the sides (XZ plane) but different 
randomness (location of roughness peaks changes) (a) & (b) LC (X/Y/Z) =50nm and (c) & (d) LC (X/Y/Z) =100nm, respectively 

      
Fig. 5. Loss and phase variation in 10k samples of a 1cm long Silicon waveguide made up of randomly selected (out of 100 samples) 10µm long Silicon 
waveguide with same roughness (only on the sides (XZ plane)) but different randomness (location of roughness peaks changes) (a) & (b) LC (X/Y/Z) =50nm and 

(c) & (d) LC (X/Y/Z) =100nm, respectively [VarFDTD] 
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