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Abstract 

During deep reactive ion etching (DRIE), microscale etch masks with small opening such as trenches or holes suffer 
from limited aspect ratio because diffusion of reactive ions and free radicals become progressively difficult as the 
number of DRIE cycle increases. For this reason, high aspect ratio structures of microscale trenches or holes are not 
readily available with standard DRIE recipes and microscale holes are more problematic than trenches due to omni-
directional confinement. In this letter, we propose an optimization for fabrication of high aspect ratio microscale 
hole arrays with an improved cross-sectional etch profile. Bias voltage and inductively coupled plasma power are 
considered as optimization parameters to promote the bottom etching of the high aspect ratio hole array. In addi-
tion, flow rates of octafluorocyclobutane (C4F8 ) and sulfur hexafluoride (SF6 ) for passivation and depassivation steps, 
respectively, are considered as optimization parameters to reduce the etch undercut. As a result of optimization, the 
aspect ratio of 20 is achieved for 1.3 μm-diameter hole array and etch area reduction at the bottom relative to the top 
is improved to 21%.
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Introduction
With the advantage of being able to fabricate high aspect 
ratio anisotropic patterns on silicon wafers [1, 2], the 
deep reactive ion etching (DRIE) process has been exten-
sively utilized for many applications including vias for 
3D packaging [3, 4] and microelectromechanical systems 
(MEMS) actuators [5, 6] to name a few. Towards further 
miniaturization, high-density integration, and higher 
production yields, DRIE has been routinely adopted for 
realizing microscale trench and hole arrays with high 
aspect ratio [7]. However, microscale patterns have suf-
fered from limited etch depth (or aspect ratio) in the 
Bosch process [8], popular over the cryogenic process [9], 
because reactive ions and gases cannot effectively diffuse 

into the confined etched area as the number of etch cycle 
increases.

To address this problem, researches have been carried 
out to improve the profile and increase the etch depth by 
optimizing parameters of the DRIE process for the micro-
scale patterns [7, 8, 10]. Most of the former researches 
have focused on the fabrication of microscale trenches 
for X-ray phase contrast imaging [7, 11, 12] and MEMS 
actuator [13]. On the other hand, DRIE process optimiza-
tion for hole arrays was primarily done at the 10 micron-
scale to fabricate through-silicon-via, and aspect ratios 
of up to 26 have been achieved for 15-μm diameter hole 
arrays [8, 14, 15]. In order to increase the density of vias, 
DRIE process optimization was carried out on 1 micron-
scale and aspect ratios of up to 17 have been achieved for 
2 and 3-μm diameter hole arrays [16, 17]. However, the 
cross-sectional area of the hole array diminishes as the 
aspect ratio increases, resulting in a bottom that is less 
than half of the top.
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In this letter, we introduce an optimized DRIE process 
for fabricating microscale high aspect ratio hole arrays. 
Two different optimization strategies are employed to 
improve the etch profile of microscale hole arrays. One 
is to promote bottom etching and the other is to mini-
mize the undercut. Etch parameters are optimized for the 
former, while gas flow rates are optimized for the latter. 
By combining each optimization result, high aspect ratio 
microscale hole arrays with a minimized area reduction 
ratio are successfully fabricated.

Optimization parameters
Paths of the ions and free radicals in the DRIE process 
are impeded due to the limited area to be etched in the 
microscale hole array. Furthermore, as the aspect ratio 
increases, the number of ions and free radicals reaching 
at the bottom decreases, reducing etch at the bottom of 
the structure. Due to these effects, the cross-sectional 
area keeps shrinking toward the bottom of the microscale 
hole array, eventually becoming self-limited as shown 
in Fig. 1a and b. This is the most important factor influ-
encing the deterioration of the profile of the high aspect 
ratio hole array. In order to promote bottom etching, bias 
voltage and inductively coupled plasma (ICP) power of 
the etch step are selected as parameters to optimize. The 
kinetic energy of the ions increases with bias voltage, and 
the density of the ions and free radicals increases with 
ICP power [7]. With these effects, the bombardment of 
ions and free radicals at the bottom is promoted, allow-
ing the profile of the high aspect ratio hole array to be 
improved.

The upper part of the high aspect ratio hole array is 
continuously exposed to ions and free radicals as the 
number of DRIE cycles increases, resulting in undercuts. 
Due to this, the area of the top of the high aspect ratio 

hole array is widened, so it is important to minimize the 
undercut for improving the profile. In order to minimize 
the undercut, octafluorocyclobutane (C4F8 ) gas flow of 
passivation step and sulfur hexafluoride (SF6 ) gas flow 
of the depassivation step are selected as parameters to 
optimize. An increase in passivation polymer by C 4F8 
gas flow and a reduction in etching of the passivation 
polymer by SF6 gas flow are both effective to improve 
the sidewall protection at the top of the hole array, hence 
undercut can be reduced.

Materials and methods
For high aspect ratio hole array etching, thermal oxides 
with an etch selectivity of 100:1 in a microscale hole 
array are selected as an etch mask. On a (100) single crys-
tal silicon wafer, 1 μm of thermal oxide is grown by wet 
oxidation to be able to withstand the etch process suffi-
ciently when etched up to 30 μm. Then, patterns with a 
characteristic dimension ranging from 700 nm to 1.9 μm 
are patterned with an I-line stepper (wavelength = 365 
nm), and the patterns are transferred to thermal oxides 
through RIE process to fabricate etch masks. The pho-
toresist cannot be used as an etch mask for the DRIE pro-
cess because the photoresist utilized in the I-line stepper 
has an 800 nm thickness and the etch selectivity in the 
microscale pattern is as low as 15:1.

Parametric studies are carried out by modifying only 
one parameter at a time in the standard DRIE recipe 
as shown in Table  1. The samples are cleaved after 
each DRIE process, and the cross-sectional profiles are 
inspected using a scanning electron microscope (SEM). 
Guided trenches, which allow cracks to form along the 
trench during cleaving, are placed at both ends of the 
hole array center in line with the crystal direction, allow-
ing the cross-section to pass through the center of the 
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Fig. 1 a Schematic showing the cross-section of the trench and hole array under the same DRIE process. b Schematic showing the different 
numbers of ions and free radicals reaching the bottom due to the loading effect during the DRIE process
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hole. Furthermore, during cross-sectional SEM inspec-
tion, tilting is used to determine whether the cross-sec-
tion passed through the center of the hole. Because the 
bottom of the microscale high aspect ratio pattern is nar-
rower than the top, an area reduction ratio (1−(DB/DT

)2 or 1−(WB/WT ), DT , DB , WT and WB are depicted in 
Fig. 1) is proposed to quantify the nonuniform etch pro-
files. Each fabrication results are analyzed through the 
area reduction ratio and etch depth. Finally, each opti-
mized parameter is combined to make an optimized rec-
ipe for fabricating a microscale hole array.

Results and discussion
Hole arrays and trench are fabricated to compare 
the loading effect. Hole arrays with diameters rang-
ing from 0.79 to 1.90 μm (Fig.  2a–d) and trench with 
width of 0.74 μm (Fig. 2e) are fabricated by etching 60 
cycles using the standard DRIE recipe in Table  1. For 
0.79 μm, 1.09 μm, 1.49 μm, and 1.90 μm-diameter hole 
arrays, the areal number densities, which represent the 

number of patterns per unit area, are 4.8 × 105 mm−2 , 
2.7 ×  105 mm−2 , 1.2 ×  105 mm−2 , and 8 ×  104 mm−2 , 
respectively. For a trench with a width of 0.74 μm, the 
areal number density is 8.8 ×  102 mm−2 . As shown 
in Fig.  2f and g, the etch depth decreases as the hole 
diameter decreases, while the area reduction ratio 
increases. Furthermore, as the diameter decreases, the 
loading effect becomes more significant. Compared to 
the hole array having the same diameter as the width 
of the trench, the trench is more beneficial in both etch 
depth and area reduction ratio due to the large area to 
be etched. Therefore, optimizing the DRIE parameters 
for fabricating high aspect ratio hole arrays is required.

In order to promote bottom etching of the high aspect 
ratio hole array, parametric studies are carried out on 
the bias voltage and ICP power of the etch step. First, 
the change in the cross-section of a 1.6-μm diameter 
hole array is investigated while increasing the bias volt-
age from 10 to 400 V at 200 cycles. The areal number 
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Fig. 2 SEM cross-sectional images of hole arrays with various diameters a 0.79 μm, b 1.09 μm, c 1.49 μm and d 1.90 μm) after 60 DRIE cycles with 
the standard DRIE recipe. SEM cross-sectional image of trench array with a width of e 0.74 μm. f Etch depth and g area reduction ratio as a function 
of hole diameter or trench width. All scale bars are 2 μm
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density of the 1.6-μm diameter hole array ranges from 
1.3 × 105 mm−2 to 1.7 × 105 mm−2 . Cross-sectional SEM 
images of hole arrays etched at bias voltage of 10 V and 
300 V, respectively, are shown in Fig. 3a and b. The etch 
depth and area reduction ratio are compared as shown 
in Fig. 3c. Although the etch depth does not change sig-
nificantly as the bias voltage increases, the area reduc-
tion ratio tends to decrease. The kinetic energy of the 
ions rises as the bias voltage increases, allowing more 
ions to reach the bottom and thereby accelerating the 
etching. As shown in Fig.  3b, the area reduction ratio 
achieved 56% at a bias voltage of 300 V, but not fur-
ther improved at 400 V. Therefore, a bias voltage of 
300 V is selected as the optimal value. Following that, 
the effect of increasing ICP power on improving pro-
file, which promotes etching of the bottom area due to 
increased ion density, is investigated. However, ions 
do not relax in micro and sub-micron hole array with 
high aspect ratio, causing the sidewall of silicon to be 

charged and reducing the ion flux [18]. As a result, 
the depth that ions can reach decreases, resulting in a 
reduction in etch depth. Despite the fact that the etch 
depth decreases as the ICP power increases, the change 
in cross-section of a 1.5-μm diameter hole array is 
investigated while increasing the ICP power from 1200 
to 1700 W with a bias voltage of 200 V at 200 cycles. 
The areal number density of the 1.6-μm diameter hole 
array ranges from 1.1 ×  105 mm−2 to 2.2 ×  105 mm−2 . 
Cross-sectional SEM images of hole arrays etched at 
ICP power of 1200 W and 1500 W, respectively, are 
shown in Fig. 3d and e. The etch depth and area reduc-
tion ratio are compared as shown in Fig.  3f. The area 
reduction ratio decreases as the ICP power increases 
due to the increased ion density, and the etch depth 
decreased as well, as expected. As shown in Fig. 3e, the 
area reduction ratio is achieved 50% at an ICP power 
of 1500 W, but not further improved at 1700 W. There-
fore, 1500 W is chosen as the optimal value.
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Fig. 3 SEM cross-sectional images of 1.6 μm-diameter hole arrays etched 200 cycles by modified DRIE recipe with bias voltage of a 10 V and b 300 
V. c Area reduction ratio and etch depth as a function of bias voltage. SEM cross-sectional images of 1.5-μm diameter hole arrays etched 200 cycles 
by modified DRIE recipe with ICP power of d 1200 W and e 1500 W. f Area reduction ratio and etch depth as a function of ICP power. All scale bars 
are 10 μm
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In order to minimize the undercut of the high aspect 
ratio hole array, parametric studies are carried out on 
the C 4F8 gas flow of passivation step and SF6 gas flow 
of depassivation step. First, the effect of increasing C 4F8 
gas flow, which enhance the passivation of the sidewall, 
is investigated. The change in cross-section of a 1.6-
μm diameter hole array is investigated while increasing 
the C 4F8 gas flow from 60 to 80 sccm with a bias volt-
age of 200 V at 200 cycles. The areal number density of 
the 1.6-μm diameter hole array ranges from 1.1 ×  105 
mm−2 to 1.6 ×  105 mm−2 . Cross-sectional SEM images 
of hole arrays etched at C 4F8 gas flow of 60 sccm and 70 
sccm, respectively, are shown in Fig. 4a and b. The etch 
depth and area reduction ratio are compared as shown 
in Fig. 4c. The area reduction ratio decreases as the C 4F8 
gas flow increases, and the etch depth decreases slightly. 
Because the width of the widest part of the top decrease 
from 1.66 (Fig. 4a) to 1.55 μm (Fig. 4b) as the passivation 
polymer increases, the area reduction ratio decreases. As 
shown in Fig. 4b, the area reduction ratio achieved 55% at 

a C 4F8 gas flow of 70 sccm, but not further improved at 
80 sccm. Therefore, a C 4F8 gas flow of 70 sccm is selected 
as the optimal value. Although sidewall protection is 
improved due to the increased passivation polymer, the 
etch depth tends to decrease slightly, which is thought 
to be caused by residual polymer at the bottom due to 
the thick passivation layer. Following that, the effect of 
decreasing SF6 gas flow, which reduce the etching of the 
sidewall passivation polymer, is investigated. The change 
in cross-section of a 1.6-μm diameter hole array is inves-
tigated while increasing the SF6 gas flow from 120 sccm 
to 150 sccm with a bias voltage of 100 V at 200 cycles. 
The areal number density of the 1.6-μm diameter hole 
array ranges from 1.2 ×  105 mm−2 to 1.6 ×  105 mm−2 . 
Cross-sectional SEM images of hole arrays etched at 
SF6 gas flow of 120 sccm and 150 sccm, respectively, are 
shown in Fig. 4d and e. The etch depth and area reduction 
ratio are compared as shown in Fig. 4f. The area reduc-
tion ratio decreases as the SF6 gas flow decreases, and the 
etch depth decreases slightly. Because the width of the 
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Fig. 4 SEM cross-sectional images of 1.6 μm-diameter hole arrays etched 200 cycles by modified DRIE recipe with C 4F8 gas flow rate of a 60 sccm 
and b 70 sccm. c Area reduction ratio and etch depth as a function of C 4F8 gas flow rate. SEM cross-sectional images of 1.6 μm-diameter hole arrays 
etched 200 cycles by modified DRIE recipe with SF6 gas flow rate of d 120 sccm and e 150 sccm. f Area reduction ratio and etch depth as a function 
of SF6 gas flow rate. All scale bars are 10 μm
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widest part of the top decrease from 1.66 (Fig. 4d) to 1.57 
μm (Fig. 4e) as the etch gas of the polymer decreases, the 
area reduction ratio decreases. As shown in Fig. 4e, the 
area reduction ratio achieved 69% at a SF6 gas flow of 120 
sccm. The area reduction ratio reduces as the etching gas 
flow rate decreases, but the etch depth also decreases due 
to the unetched polymer at the bottom. The improve-
ment of the area reduction ratio will be insignificant 
when the SF6 gas flow rate is further reduced, while the 
etch depth will be reduced. Therefore, a SF6 gas flow of 
120 sccm is selected.

The optimized DRIE recipe in Table 2, combining the 
parameters optimized for each step, is applied to run the 
200 cycle DRIE process. The cross-sectional profile of 
the 1.3 μm-diameter hole array with area number den-
sity of 1.8 ×  105 mm−2 is enhanced the most by obtain-
ing an aspect ratio of 20 and an area reduction ratio of 
21% as shown in Fig. 5a. Comparing this result with the 
1.6 μm-diameter hole array etched by 200 cycles using 
the standard DRIE recipe, the area reduction ratio is 
improved by 70% as shown in Table 3, despite the smaller 
diameter. Furthermore, as can be observed from the par-
ametric study results, the modest decrease in etch depth 

to 26.3 μm (Fig.  5b) is an effect of the increased ICP 
power.

Conclusion
In this letter, we introduce an optimization for the fab-
rication of high aspect ratio microscale hole arrays. To 
improve the area reduction ratio of the high aspect ratio 
hole array, two approaches are used. One is to promote 
bottom etching and the other is to reduce undercuts. 
The former is more effective in terms of improving the 
area reduction ratio. By optimizing the bias voltage and 
ICP power of the etch step, the area reduction ratios are 
reduced by 35% and 12%, respectively. Furthermore, the 
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Fig. 5 a SEM cross-sectional images of 1.3 μm-diameter hole arrays etched 200 cycles by optimized DRIE recipe. b Area reduction ratio and etch 
depth depending on the recipe used in the DRIE process. Scale bar is 5 μm

Table 1 Standard DRIE recipe

Passivation Depassivation Etch

Process time (sec) 2.0 2.0 1.5

ICP power (W) 1500 1500 1200

Bias voltage (V) 10 400 10

Pressure (mTorr) 25 25 20

C4F8 (sccm) 60 0 0

SF6 (sccm) 0 150 100

Ar (sccm) 30 30 30

Table 2 Optimized DRIE recipe

Passivation Depassivation Etch

Process time (sec) 2.0 2.0 1.5

ICP power (W) 1500 1500 1500

Bias voltage (V) 10 400 300

Pressure (mTorr) 25 25 20

C4F8 (sccm) 70 0 0

SF6 (sccm) 0 120 100

Ar (sccm) 30 30 30

Table 3 Comparison of the area reduction ratio for a 1.6 
μm-diameter hole array etched with a standard DRIE recipe and a 
1.3 μm-diameter hole array etched with an optimized recipe

Standard DRIE 
recipe (A1)

Optimized DRIE 
recipe (A2)

Improvement 
(A1-A2)

Area reduction 
ratio (%)

91 21 70
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latter improves the area reduction ratio to some degree. 
By optimizing the C 4F8 gas flow of the passivation step 
and the SF6 gas flow of the depassivation step, the area 
reduction ratios are reduced by 7% and 8%, respectively, 
due to modest reduction of the undercut. Finally, a 1.3 
μm-diameter hole array with an aspect ratio of 20 is fab-
ricated by DRIE process with a recipe combining each 
optimized parameter, and an area reduction ratio of 21% 
is achieved. The optimized DRIE process is well suited 
for fabricating microscale hole arrays, and based on the 
parameters optimized in this study, it is expected that 
hole arrays with an aspect ratio higher than 20 can be 
fabricated once the DRIE cycle is increased.
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