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ABSTRACT

This paper reports for the first time that the phenomena 
and reaction mechanism of inverse reactive ion etching 
(RIE) lag occurs in the silicon deep RIE process without 
feature coalescence.  This phenomenon is related to two 
important parameters of feature area and process pressure.  
Increasing the process pressure in different patterns with 
equivalent feature area will increase the etching rates as 
well the smaller width has higher increasing etching rate 
ratio.  So, the smaller feature pattern has the chance to get 
higher etching rate than the larger one as the pressure 
increased is high enough.  This will lead to three stages of 
RIE lag transition: reduced RIE lag, lag elimination and 
inverse RIE lag.  A possible new reaction mechanism exists 
in the inverse RIE lag phenomena.  The increasing etching 
rate ratio of different feature sizes is affected more obvious 
by CxFy radicals dissociated from C4F8 passivation gas than 
F radicals or SFx ions dissociated from SF6 etching gas. 
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1 INTRODUCTION 

Silicon deep reactive ion etching (DRIE) for deep and 
high aspect ratio microstructure is a very important 
technology in microfabrication and microelectromechanical 
system (MEMS) industry [1-3].  RIE lag in ICP etching is a 
frequently seen defect in semiconductor or microfabrication 
processes and appears in MEMS feature sizes up to 
hundreds of micrometers.  It will affect the etching micro-
uniformity and is much dependent on the pattern geometry.  
The effect is more severe as the feature width becomes 
smaller.  Many publications reported the related study of 
silicon DRIE including effect of process parameters [4, 5] 
and pattern shape [6, 7] on RIE lag, 2D simulator [8], and 
curved surface using RIE lag [9].  For example, Jansen et al. 
[4] reported that RIE lag could be improved by lower 
pressure.  Ayon et al. [5] proposed that high SF6 flow rate, 
the dominant variable, can minimize RIE lag.  Kiihamaki et 
al. [6] reported that the RIE lag is related to the feature 
length-to-width ratio (L/W ratio), width and pattern shape. 
Jiao et al. [7] proposed that the etching rate under silicon 
deep etching process is much affected by the mask layout 
related area including the other features around it.  All 
reports are related to the normal RIE lag, no inverse RIE 
lag and less discussion on area effect.  In this paper, we 
report the special inverse RIE lag phenomenon in DRIE 
process correlated to the effect of area and pressure 

parameters.  It will be much helpful for the process control 
of etching uniformity, 2D-3D simulator establishment, and 
the application for different level or curved surface device. 

2 EXPERIMENTAL PROCEDURE 

Boron-doped p-Si(100) wafers of 4- 10 -cm were 
initially cleaned in the H2SO4:H2O2 = 3:1 solution.  
Standard lithography was used to transfer the photo mask 
pattern to silicon surface and the etching mask was 
photoresist.  The different feature geometry of rectangles, 
squares, circles and donuts is designed to realize how the 
pattern geometry dimension affects the ICP etching 
properties.  Three major kinds of patterns of constant length, 
constant width and constant area with different feature sizes 
of 2 to 100 m are divided to understand the dominating 
factor of geometry for RIE lag in ICP etching.  Silicon 
DRIE was performed by ASETM process in STS Multiplex 
ICP system [10-11].  The etching and passivation gases 
were SF6 and C4F8 respectively and switched during the 
process.  Little O2 was added to SF6 during etching process.  
Process pressure was adjusted by auto pressure control 
(APC) from 30% to 75% to understand the process pressure 
effect on RIE lag.  The plasma source was generated by 600 
W 13.56 MHz RF generator and biased by 10- 14 W 13.56 
MHz RF generator at platen during the etching step.  The 
wafer was electrostatically clamped and cooled by backside 
helium flow.  Scanning electron microscope (SEM) was 
used to examine the etching result after ASETM process. 

3 RESULTS AND DISCUSSION 

Figures. 1(a) and 1(b) show the SEM micrographs of the 
etched donut trench with constant area of of  x 52.52 m2

at pressures of APC (a) 30% and (b) 75%, respectively.  
The RIE lag exists at low pressure of APC 30% while an 
inverse RIE lag appears at much high pressure of APC 75%.  
Normal RIE lag of trenches at constant length in Figure 2 
shows that smaller feature size leads to lower etching rate.  
Increasing process pressure to the feature in Figure. 2, we 
still get the RIE lag, not inverse RIE lag.  Figures 3(a) and 
3(b) show the etching depth of trenches with feature length 
from 100 to 500 m at constant width of 5-10 and 25 m, 
respectively.  The etching depths of trenches are nearly the 
same at the identical feature width and vary with width 
dimension.  For example, the etching depth is 57.91 m for 
the fixed feature width of 5 m while the etching depth is 
64.35 m for the fixed feature width of 10 m as shown in 
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Figure 3(a).  And the etching depth is 72.76 m for the 
fixed feature width of 25 m, Figure 3(b).  The etching 
depth of rectangular trench increases with the increasing 
feature width and is insensitive to the feature length.  It 
indicates that the feature width of pattern geometry is a 
dominating factor affecting the RIE lag in ICP etching. 

(a) 

(b)
Figure 1 SEM micrographs of the etched donut trench with 
constant area of  x 52.52 m2 at pressures: (a) APC 30% 
and (b) APC 75%, respectively.  The RIE lag exists at low 
pressure of APC 30% while an inverse RIE lag appears at 
much high pressure of APC 75%. 

Figure 2 SEM micrograph of trenches with feature width 
of 8, 9 and 10 m at constant length.  The smaller feature 
size, the slower etching rate. 

Besides the feature width, the continuous feature area or 
pattern shape also affects the etching rate.  As the shape of 
feature with constant width is changed from rectangles to 
donuts, the etching depth increases with the continuous 
feature area as shown in Figure 4.  Etching rates of 
rectangular trenches are sensitive to width while the donut 
trenches are sensitive to both width and area.  The larger 
continuous feature area, the deeper etching depth. It implies 
that the feature area of pattern geometry is a secondly factor 
affecting the RIE lag. 

(a) 

(b) 
Figure 3 SEM micrographs of trenches with feature width 
of 100-500 m at constant width of: (a) 5, 10 m, and (b) 
25 m.  Etching depths of trenches are sensitive to width, 
not length or area. 

Figure 4 SEM micrographs of rectangular and circular 
donut trenches with constant width or radius of 5 m.  
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The ICP etching behavior is relevant to the pattern 
geometry and process condition.  To study the process 
parameter effect on RIE lag in ICP etching, we fixed the 
secondary factor of feature area to decrease the extra 
geometry contribution to RIE lag.  The process pressure is a 
crucial factor on the RIE lag control.  Figures 5(a)-5(c) 
show SEM micrographs of etched donut trench with 
constant area of  x 1052 m2 at pressures of APC (a) 50%, 
(b) 70%, and (c) 75%, respectively.  The etching time is for 
15 min.  Obvious RIE lag is present at APC 50% and 
elimated at 70% while inverse RIE lag trenches are 
obtained at APC 75%.  The inverse RIE lag means the 
higher etching rate occurs at smaller feature width.  It 
implies that other mechanism exists in Si DRIE with 
respect to the previous reports [4-7].  A possible new 
reaction mechanism is CxFy radical dissociated from C4F8

passivation gas playing an important role to affect the 
etching rate ratio of different feature sizes.  The total 
etching rate is related to the formation of C4F8 passivation 
film on the Si trench bottom by CxFy radicals and its 
removal by SxFy ions from SF6 etching gas, in addition to 
the arrival of F radicals dissociated from SF6 etching gas to 
etch Si surface at the bottom.  The formation and removal 
of C4F8 passivation film impedes the increasing of etching 
depth while the arrival of SF6 etching gas enhances the 
etching processing.  These two contrary reaction 
mechanisms compete by density and mass transport of 
radicals and ions dissociated from C4F8 and SF6 reaction 
gases and affect the total etching rate.  The increasing 
pressure will proportionally increase the CxFy and F radical 
density and decrease the SxFy ion density [12].  The aspect 
ratio will affect the formation and removal of C4F8

passivation film and Si etching at different feature width 
due to the mass transport.  The smaller width with larger 
aspect ratio will lead to thinner passivation film than larger 
width.  The removal of passivation film by ions under bias 
will be similar for different features.  So Si etching 
dominated by F radical density will start earlier in the small 
width than large one.  As the pressure increases, the 
increasing CxFy radical density and reducing SxFy ion 
density will delay longer to start etching Si surface at 
bottom in large feature than small one.  The etching rate is 
enhanced more at small width than large one.  This will 
lead to the reduction and elimination of RIE lag.  If the 
pressure is much high, the inverse RIE lag occurs.  It 
indicates that the effect of C4F8 passivation gas on RIE lag 
is more important than SF6 etching gas. 

4 SUMARRY 

A RIE lag phenomenon occurs in many patterns and 
becomes more severe at the smaller feature width and 
higher etching depth.  In general, the smaller feature size, 
the lower etching rate and the more obvious RIE lag.  A 
RIE lag elimination can be achieved for different feature 
size at constant area by higher process pressure of APC 70 
% and the inverse RIE lag appears at much higher pressure  

(a) 

(b) 

(c) 
Figure 5 SEM micrographs of etched rectangular trench 
structure with constant area at pressures of APC: (a) 50%, 
(b) 70%, and (c) 75%, respectively.  Obvious RIE lag is 
present at APC 50% and elimated at 70%, as inverse RIE 
lag trenches are obtained at APC 75%.  

of APC 75 %.   This will lead to three stages of RIE lag 
transition: reduced RIE lag, lag elimination and inverse RIE 
lag.  As the pressure increases, the increasing CxFy radical 
density and reducing SxFy ion density will delay longer to 
start etching Si surface at bottom in large feature than small 
one.  So, the etching rate is enhanced more at small width 
than large one to result in the reduction, elimination and 
inverse of RIE lag.  It indicates that the effect of reaction 
gas of C4F8 passivation on RIE lag in Si deep etching is 
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more important than SF6 etching gas.  It is an interesting 
phenomenon.  The etching rate could be adjusted by the 
pattern geometry and process parameter.  Different 
structures with RIE lag, RIE lag-elimination or inverse RIE 
lag would be fabricated by proper pattern and process 
design in future. 
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