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ABSTRACT 

An atomisitic etching model is combined with a 
continuum concentration solver in order to realistically 
simulate various effects during Deep Reactive Ion Etching 
(DRIE or the Bosch process).  This includes microloading 
(or loading effect) and Aspect Ratio Dependent Etching 
(ARDE or lag effect).  The model strongly differs from the 
current simulation approaches in which the local etch rate 
depends markedly on complex visibility integrals over the 
ion and neutral fluxes. Instead, we focus on the description 
of the etchant depletion.  
 
KEYWORDS 

Deep Reactive Ion Etching, loading, microloading, 
Aspect Ratio Dependent Etching, diffusion, simulation 
 
INTRODUCTION 
Background 

By repeatedly cycling etching and passivation 
procedures, Deep Reactive Ion Etching (DRIE) enables the 
fabrication of sophisticated high aspect ratio microstructures 
on silicon. Each processing cycle can be divided into three 
consecutive stages [1]: (i) radical-driven, isotropic polymer 
deposition, (ii) ion-driven, strongly-directional polymer 
removal, and (iii) a combination of ion-driven (vertical) and 
radical-driven (isotropic) silicon etching. The polymer/ 
passivation layer prevents the processing of the sidewalls 
during the etching step of the cycle. In turn, the etching step 
uses both charged ions and neutral radicals to produce a 
mixture of both physical (vertical) and chemical (isotropic) 
etching. The physical component results in an efficient 
removal of the polymer at the bottom of the structures, as 
compared to the sidewalls. After this, the substrate is etched 
by both the vertical and isotropic components, thus 
restricted to the bottom of the structures. Repetition for 
many cycles leads to high aspect ratios. 

Since the neutrals need to diffuse into the features, the 
polymer deposition rate and the isotropic component of the 
silicon etch rate are attenuated with increasing aspect-ratio. 
However, due to the directional nature of the ion beam, the 
polymer etch rate is essentially independent of the aspect 
ratio. Overall, the etch rate per cycle is a complex function 
of the polymer deposition rate, the polymer etch rate and the 
silicon etch rate. Thus, the DRIE process is difficult to 
control/understand and is limited by several side effects. 

Microloading refers to the dependence of the overall 

etch rate on the density of features [Figure 1(a)].  Equally 
wide trenches located nearby are etched less deeply than 
similar trenches located farther apart.  As depicted in Figure 
1(b), in this study we stress the fact that microloading is due 
to the development of a lower concentration (c) of the 
etching species at feature-dense areas (e.g. cA < cA’).  This is 
due to an increased local consumption of the species at the 
mask level and their slow replacement by diffusional 
transport from nearby regions. 

 

 
Figure 1: (a) Definition of microloading and ARDE. (b) Local 
consumption of the etching species leads to lower etchant 
concentration at feature-dense areas (cA < cA’) and higher etchant 
concentration at increasingly wider trenches (cP’ > cP). (c) Etchant 
consumption and slow transport from regions faraway from the 
mask level leads to macroloading. 



Microloading is related to but different from 
macroloading.  The etch rate is inversely proportional to the 
total amount of exposed wafer area [Figure 1(c)].  This is 
due to the consumption of the etchant and its slow transport 
from regions far above the mask level.  Macroloading can 
be accounted for in simulations by simply correcting the 
etch rate using the formula shown in Figure 1(c). 

In turn, Aspect Ratio Dependent Etching (ARDE) 
denotes that the etch rate increases with the trench width 
[Figure 1(a)] and, for a given trench, it decreases with 
etching time as the aspect ratio increases.  We show in this 
study that also this phenomenon is related to the formation 
of a concentration distribution across wide/thin trenches 
(e.g. cP < cP’).  Ultimately, this is due to a larger 
consumption of the etching species at the perimeter surface 
of larger trenches. 

 
Previous work 

In most theoretical models the ions and neutrals reach 
the silicon surface and react there with etch/deposition rates 
that are proportional to their flux [2-11], i.e. the number of 
ions/neutrals that arrive per unit time. Thus, a key aspect is 
to model properly the transport of the ions and neutrals to 
the surface. The ions are accelerated by the electric field 
and, thus, they form a beam of vertically-etching particles. 
Having no charge, however, the neutrals can only diffuse 
slowly into the etched cavities, where they act as isotropic 
etching particles. 

Considering the source of ions and neutrals as a plane P 
right above the sample, there is consensus in the research 
community that the flux of ions that reaches a given surface 
point x  should be calculated as a visibility integral over the 
source with a narrow angular distribution of the propagation 
directions of the ions:   

Fi (x) = Fi
P κ +1

2π
(t ⋅ nP)κ vis(x, xP )(−t ⋅ n)

x − xP
2P∫ d ′A       (1) 

where xP  is a point on the source plane P, Fi
P  is the ion 

flux from the source plane, t  is the unit vector along the 
line between xP  and x , n  is the surface normal at x , nP  
is at xP  pointing to the sample, vis(x, xP ) is the visibility 
function (1 or 0, if the surface points x  and xP  are in line 
of sight or not, respectively) and κ  is used to model the 
narrow angular distribution of the ions, which becomes a 
normal distribution with standard deviation σ =1/ κ  
when κ >>1. Although Equation (1) is used in Ref. [8], the 
other studies consider similar expressions, with differences 
only in the actual form of the angular distribution and/or the 
dimensionality (2D or 3D). 

Having no charge, the neutrals must diffuse randomly 
into the features of the etch front, typically bouncing several 
times at the walls until they finally react somewhere. 
Although the flux of neutrals has been taken to be constant 
in some studies [2,4,5], there is ample agreement in the 
research community that thermal diffusive reemission 

(independent of the angle of incidence) is essential in order 
to explain the reduced number of neutrals that reach the 
bottom of elongated features and, thus, the lag effect. Thus, 
the flux of neutrals at point x  is given by a similar visibility 
integral over the source and an additional visibility integral 
over the rest of the surface, to take into account the 
reemission of the neutrals until they eventually react: 

Fn (x) = Fn
P 1

π
(t ⋅ nP ) vis(x, xP )(−t ⋅ n)

x − xP
2P∫ d ′A

+ Fn (xs )
1
π

(t ⋅ nS )(1−θ ) vis(x, xS )(−t ⋅ n)
x − xS

2S∫ d ′A

    (2)               

where xS  is a point on the surface, nS  is the surface 

normal at xS  and θ  is the sticking probability for diffusive 
re-emission of the neutrals. In practice, this flux is either 
calculated by conventional integration techniques [6-7] or 
by Monte Carlo ray-tracing [8], some times using different 
sticking coefficients at the trench walls and bottom [9-11]. 
To improve the computational efficiency of the Monte Carlo 
method, recent reports use a Finite Element approach [11].  
This highlights the fact that the use of the visibility integrals 
is a computationally demanding task. 
 
DESIGN 
Novelty 

Based on the three-stage model [1], our approach 
deviates markedly from the previous procedures. First of all, 
regarding the transport of the ions, we focus on the fact that 
the ion beam is very directional in nature and, thus, few ions 
are lost at the sidewalls. In other words, the number of ions 
that reach the bottom of the structures remains essentially 
the same, even as the depth increases. This is supported by 
experimental measurements, where the polymer etch rate—
due to the ion beam—is essentially independent of the 
aspect ratio [1]. Correspondingly, we conclude that the 
vertical component of the silicon etch rate by the ions is 
essentially constant at any depth. 

Secondly, regarding the transport of the radicals, we 
recognize that the previous models assume Knudsen 
transport, i.e. molecular flow, where collisions between the 
gas molecules are less frequent than collisions with the 
surface of the sample. The Knudsen number is the ratio of 
the mean free path of the molecules to a characteristic 
length scale of the sample. However, the choice of length 
scale is not always clear. The etch front itself is evolving 
and, thus, the system may be in the continuum regime at the 
start and, perhaps (or not), it may reach the molecular 
regime after prolonged etching. Therefore, we assume that 
transport occurs mainly in the continuum regime and, thus, 
we may focus on solving the differential equation for the 
concentration of the neutrals. 
 
Simulation method 

Both microloading and ARDE are simultaneously 
simulated by solving the concentration distribution at every 



Bosch cycle and propagating the surface (etching) by 
considering that the local etch rate is proportional to the 
actual concentration.  We apply the simulation scheme 
described in Figure 2. At every Bosch cycle, the diffusion 
equation for the concentration c of the etching species is 
solved and, then, etching is performed.  Solving c provides 
access to its values at the etch front, which are used to 
determine the etch rate: R = a0 + a1 · cb.  Here, a0 is the 
contribution from the ion beam, taken constant at the bottom 
cells and zero elsewhere, since the accelerated ions are 
highly directional; a1 · cb is the concentration dependent 
isotropic contribution from the radicals, since they are 
neutral and, thus, they diffuse randomly into the cavities. 

 

 
Figure 2: Proposed simulation procedure, consisting in solving the 
diffusion equation and performing etching at every Bosch cycle, 
according to the shown details. The diffusion equation for the 
concentration c is solved using a finite element method (FEM) 
continuum description while etching is simulated using a Cellular 
Automaton (CA). 
 

 When solving the diffusion equation, a key aspect is 
that the etching species should be consumed at the surface 
perimeter of the trenches (green boundaries in Figure 2).  
This is obtained by using a depletion term proportional to 
the concentration at these boundaries (n*D*grad(c)+q·c = 0 
with q > 0).  Figure 3(a) shows that the incorporation of this 
depletion results in a concentration distribution that is 
consistent with ARDE.  

The proposed model provides a total of six parameters 

in order to describe different experimental conditions and 
substrates.  As an example, Figures 3(b)-(c) show that the 
concentration distribution can be modeled, realistically 
affecting the actual depth distribution at the different 
features.   

 
Figure 3: (a) Importance of depletion at trench perimeters. (b-c) 
Example of dependence of the concentration and depth 
distributions on model parameter tA.  
 
RESULTS 

As shown in Figure 4, the model enables the 
simultaneous simulation of microloading and ARDE in 3D. 
Focusing on Figure 4(a), the cross pattern contains both a 
thick and a thin beam. Cross-section 1 shows that the etch 
depth is similar at the bottom of the thick beam and circle.  

 
Figure 4: Realistic simulations of DRIE including microloading 
and ARDE in 3D: (a) Mask pattern and three cross-sections of the 
resulting structure. (b) Mask pattern, side/top view of the typical 
concentration distribution of the etching species, and cross-section 
of an etched structure. 



Cross-section 2 shows that the depth at the thin beam has a 
complex behavior consistent with the lag effect. Finally, 
cross-section 3 shows that the etch depth at the set of 5 
trenches displays a microloading effect and, overall, the 
depth is smaller than at the circle / thick beam of the cross. 
 

 
Figure 5: (a)-(c) SEM images of experimental structures [12] and 
(d)-(f) corresponding simulations including microloading and 
ARDE. 
 

Figure 5 shows that the simulations compare well with 
various experiments. In particular, Figures 5(c),(f) show a 
microloading effect that is opposite to that shown in Figure 
4, i.e. positive and negative microloading, thus stressing the 
flexibility of the proposed model.  
 
CONCLUSION 

By deviating form the standard approach to the 
simulation of DRIE, this study shows that (i) the vertical 
etching component due to the accelerated ions can be 
considered to be constant, and (ii) the isotropic etching 
component due to the neutrals can be modeled using the 
continuum regime, provided that the etching species is 
consumed at etched surfaces. The proposed model is rather 
flexible and is capable of describing the onset of 
positive/negative microloading and ARDE simultaneously. 
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