
 1 

  
Abstract—The use of spacers as a hard mask allows the wafer 
patterning in sub-100 nm range without the use of lithography 
tools with such high resolution. The patterned line width is 
determined by the thickness of the deposited spacer material and 
subsequent etching steps. The conformal deposition of the spacer 
material with precise thickness control is required for narrow 
spacer processing. Additionally, the sacrificial island and spacer 
etching steps need to be highly anisotropic. Silicon oxide and 
nitride layers deposited by LPCVD were examined for 
island/spacer combinations for silicon fin-etching. Excellent 
selectivity of buffered-HF solutions to silicon and silicon nitride 
makes silicon oxide the preferred island material. Consequently, 
silicon nitride was used for the spacers. The silicon nitride spacers 
with widths of 100 nm, 50 nm, and 30 nm were processed and 
used as a hard mask for silicon etching. Reactive-ion etching with 
HBr/Cl 2 chemistry achieved high silicon fins with sloped 
sidewalls. Wet silicon etching in 25% TMAH done on <110> 
wafers created vertical silicon fins with smooth sidewalls. Both 
processes resulted in silicon fins with high aspect-ratio. 
 

Index Terms—silicon fin, spacer, TMAH  
 

I. INTRODUCTION 

HE advance of silicon devices is in strong relation with 
decrease in their size. Device speed depends on the 

distances over which the charge is transported, with designers 
trying to decrease these distances to achieve higher speeds. 
The lateral current flow of the CMOS devices means that their 
performance is determined by the layout dimensions, gate 
length in particular [1]. Additionally, new device concepts, 
such as FinFET, require patterning of dimensions smaller than 
100 nm [3]. To investigate the advanced CMOS devices, it is 
necessary to be able to achieve these small dimensions. The 
lithography tools needed to pattern dimensions in the sub-
100 nm range are often prohibitively expensive (e.g. wafer 
steppers) or slow (e.g. electron beam systems) for university 
laboratories [2]. However, spacers can be used as a hard-mask 
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instead of lithography processing. This allows the patterning of 
structures with lateral dimensions determined by the thickness 
of deposited layer, rather than the resolution limits of the 
lithography tools. 

With the scaling of CMOS devices, FinFETs have been 
suggested as a possible candidate to replace the bulk silicon 
MOSFETs for future technology nodes [4]. The performance 
of FinFETs depends on the thin silicon walls (fins) where the 
intrinsic device is formed, with requirement for thin fins with 
good sidewall quality. The spacers have already been used in 
FinFETs as a hard-mask for silicon etching [5] with devices 
demonstrated. 

The work in this paper presents processing for the formation 
of the spacer hard-mask and its use for the silicon fin-etching. 
The lithography system with the wafer stepper was utilized. 
The minimum feature size of the system is 0.5 µm, but the 
spacer hard-masks allowed the patterning of the fins with 
widths below 100 nm. Silicon fin-etching was done in two 
ways: (i) with dry plasma etching, and (ii) wet using TMAH 
solution. 

Section II. presents spacer the hard-mask processing with 
the silicon fin-etching explained in Section III. The 
conclusions are given in Section IV.  

 

II.  SPACER HARD-MASK PROCESSING 

The starting point in spacer processing is the deposition of 
the sacrificial layer, depicted in Fig. 1.(b). This layer is then 
etched by reactive-ion etching (RIE) through its whole 
thickness, using a photoresist mask (Fig.1.(c)). The remaining 
islands of the deposited layer serve as a structure around which 
the spacers are later created. The next step is the conformal 
deposition of the spacer material, with the thickness of this 
layer determining the width of the hard-mask (Fig.1.(d)). The 
spacer layer is etched by RIE, leaving the thin layer of spacer 
material around the island (Fig.1.(e)). The final step in spacer 
formation is the removal of the sacrificial islands (Fig.1.(f)). 

The spacer processing and the underlying layer etching 
requirements determine the possible material and etching 
choices for the sacrificial islands and spacers. The chosen 
sacrificial layer and spacer materials have to be etched with 
high selectivity to one another and to the underlying material. 
With the final goal of etching silicon fins, silicon nitride and 
silicon oxide are chosen as the possible candidates for the top 
layers.  

The sacrificial layer thickness determines the height of the 
spacers. The spacers need to be high enough in order to be 
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used as a mask for silicon etching. Therefore, the minimum 
sacrificial layer height is determined by the target depth of the 
silicon etching, and the selectivity of the silicon etching 
solution to the spacer material. With the goal of etching silicon 
fins higher than 500 nm, and with the expected high selectivity 
of silicon etching solutions to nitride and oxide layers, it was 
decided that the spacer height of 300 nm would be sufficient. 
To account for the possible spacer height loss during spacer 
layer etching (Fig.1.(e)), the sacrificial layer thickness was 
targeted at 500 nm. The sacrificial layer is etched using RIE to 
achieve good anisotropy. Ideally, the sidewalls should be 
vertical and the etching selectivity to silicon high. 

The deposition of the spacer layer needs to be conformal to 
have good coverage of the island sidewalls. The spacers are 
etched by RIE for high anisotropy. In this way, the full 
thickness of the spacer material is left on the sidewall, 
allowing precise spacer width control. However, the deviation 
of the sidewall angle from the normal to the surface results in 
the angled spacer layer. Due to this, some spacer width is lost, 
even with highly anisotropic etch. Additionally, the angled 
spacers will shadow the bottom silicon during fin-etching, 
possibly increasing the fin width. 

The final processing requirement is the high selectivity of the 
sacrificial-layer etching-solution to the spacer material and the 
underlying silicon. Since anisotropy is not important in this 
etching step, high selectivity is best achieved using the wet 
chemical etching. 

As mentioned above, silicon nitride and silicon oxide were 
used to create the spacer hard-mask. Experiments were done 
with both combinations – nitride islands with oxide spacers 
and oxide islands with nitride spacers. Both materials can be 
conformaly deposited using the low-pressure chemical vapor 
deposition furnace (LPCVD), and anisotropicaly etched using 
the fluorine-based plasma etcher. The low-stress silicon nitride 
is deposited at 850°C, whereas the silicon oxide is deposited at 
700°C using a TEOS source. Deposition time in the LPCVD 
can be precisely controlled, allowing excellent control of the 
deposited layer thickness. Experiments were done with the 
sacrificial island layer thickness of 500 nm and the spacer 
layer thicknesses of 100 nm, 50 nm, and 30 nm. 

The results of the island removal by wet etching showed that 
the selectivity of the nitride etching solution was not high 
enough to preserve the thin oxide spacers. The ortho-
phosphoric acid heated to 157°C, used to remove silicon 
nitride, has selectivity of roughly 6:1 to deposited oxide, 
resulting in significant spacer etching during island removal. 
On the other hand, buffered-HF solution (1:7 ratio) has 
excellent selectivity to both nitride and silicon. Therefore, the 
combination of the oxide islands with nitride spacers was 
chosen for the spacer hard-mask processing. 

The reactive-ion etching of oxide (Fig.1.(c)) and nitride 
(Fig.1.(e)) were done in the fluorine-based plasma etcher 
Drytek Triode 384T. The nitride etching in this machine has 
low selectivity to oxide and silicon, and the precise process 
timing is required to avoid significant loss of underlying 
material. The selectivity of the oxide etching is approximately 
10:1 to silicon, resulting in small silicon loss during island 
etching. This loss is of little importance, since that part of the 
silicon would be removed in the fin-etching step. Fig. 2. shows 
the scanning electron microscopy (SEM) image of the nitride 
spacers processed from the 30 nm thick nitride layer. The 
measured height of 436 nm shows the height loss from the 
500 nm tall oxide islands, which can be attributed to the nitride 
overetching. 
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Fig. 1.  Etching using the spacer hard-mask. The material L1 to be patterned 
(a) is covered with the sacrificial layer L2 (b). The sacrificial layer is 
anisotropicaly etched (c) and the spacer layer L3 is conformaly deposited 
(d). The spacers are created by the anisotropic etching of L3 (e) and the 
islands of sacrificial material L2 are then removed (f). The L1 layer is etched 
with spacers used as a hard-mask (g). Optionally, the spacers are also 
removed (h). 
  

 
 
Fig. 2.  SEM image of silicon nitride spacer obtained by deposition and 
subsequent anisotropic etch of 30 nm thick low-stress silicon nitride. Inset in 
the top-left corner shows a part of a field of spacers. 
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III.  SILICON FIN-ETCHING 

The nitride spacer hard-mask was used to etch thin silicon 
fins. Reactive-ion etching of silicon was performed in two 
different plasma etchers: (i) the fluorine-based plasma etcher 
Drytek Triode 384T, also used for oxide and nitride etching, 
and (ii) Trikon Omega 201 plasma etcher utilizing a 
combination of hydrogen-bromide (HBr) and chlorine gases 
(Cl2). Additionally, wet silicon etching was done using 
tetramethylammonium-hydroxide (TMAH). The target depth 
for the silicon etching steps was 700 nm, which would make 
the fin aspect-ratio very high. Since the goal of the 
experiments was to show applicability of the spacer hard-mask 
for silicon fin-etching, the etching depth was not strictly 
controlled. 

The fluorine-based RIE of silicon resulted in significant 
silicon undercutting, with silicon being completely etched 
through below the narrow spacer hard-mask. The etching in 
HBr/Cl2 plasma system gave significantly better results, 
producing high silicon fins, as shown in Fig.3. The nitride 
spacers effectively masked silicon during etching and no 
undercutting below the hard-mask can be observed. The 
silicon-fin height of approximately 1.1 µm is higher than the 
targeted value, due to the inaccurate etching-rate data used for 
process timing. However, the additional fin height only proves 
the masking capability of the thin nitride spacers. The 
sidewalls of the silicon fins are at an angle to the wafer 
surface. Even with highly anisotropic plasma etching, the 
sidewall angle is not expected to be at 90° to the surface. Such 
profiles are typical for fin devices where fins are etched by 
RIE [5]-[7]. The achieved aspect ratio of approximately 6.3:1 
is much higher than typical aspect ratios in FinFETs, making 
our process suitable for devices with very high current per 
single fin. 

Crystallographic wet-etching of silicon with TMAH has also 
been used for FinFET processing [9], [10]. The etching in 
TMAH requires a nitride or oxide hard-mask, making it 
suitable for our nitride spacer hard-mask application. The 

silicon etch rate in TMAH is much higher for <110> and 
<100> crystal planes than <111> plane (Table I). The etching 
rate increases with higher TMAH concentrations and higher 
solution temperatures. More importantly, the etching-rate ratio 
of <111> crystal plane to other planes decreases, improving 
the etching anisotropy. 

Silicon wafers with <110> orientation of the crystal cube at 
the wafer surface were used in experiments. The <111> plane 
is normal to the surface and parallel with the primary flat on 
these wafers. With the nitride hard-mask aligned in parallel to 
the primary flat, TMAH etching exposes these planes, leaving 
silicon fins with <111> sidewalls. The silicon etching with the 
nitride spacer hard-mask was performed in 25% TMAH 
solution heated to 85°C. The resulting fins are shown in 
Figs. 4. and 5. High selectivity of TMAH to different crystal 
orientations leaves nearly vertical silicon fins with smooth 
sidewalls. The fin width is determined by the nitride spacer 
width at the silicon interface without the influence of the 
spacer angle to the initial silicon surface. Different to the RIE 
fin-profiles, TMAH etching gives almost constant fin width 
along fin height. This allows more accurate device design 
compared to the case with varying fin-width. 

The resulting <111> silicon fin sidewalls are not typical for 
CMOS devices. The preferred crystal orientation for the 
CMOS devices is <100> because of the highest electron 

 

 
 
Fig. 3.  SEM image of silicon fin etched in HBr/Cl2 based plasma etcher 
with silicon nitride hard-mask. Thickness of deposited low-stress silicon 
nitride layer was 100 nm. Fin height is approximately 1.1 µm with 410 nm 
tall spacers. Inset in the top-right corner is a closer view of the structure from 
higher angle. 
  

 
 
Fig. 4.  SEM image of silicon fins etched in 25% TMAH solution at 85°C, 
with silicon nitride hard-mask. Thickness of deposited low-stress silicon 
nitride layer is 50 nm 
  

 
TABLE I 

TMAH ETCHING RATES 

TMAH, 20%, 79.8°C [12] 
Crystal orientation 100 110 111 
Etching rate (µm/min) 0.603 1.114 0.017 
Etching-rate ratio 0.54 1 0.015 

TMAH, 25%, 70°C [11] 
Crystal orientation 100 110 111 
Etching rate (µm/min) 0.272 0.532 0.009 
Etching-rate ratio 0.51 1 0.017 

TMAH, 25%, 85°C 
Crystal orientation 100 110 111 
Etching rate (µm/min) 0.61 1.24 - 
Etching-rate ratio 0.49 1 - 
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mobility. However, the smooth sidewalls achieved by TMAH 
etching, evident from the SEM images, are expected to 
decreases surface scattering, with positive influence on carrier 
mobilities. 

The TMAH etched silicon fins are approximately 690 nm 
high and 24 nm wide, resulting in the aspect ratio of 
approximately 29:1, much higher than the typical values for 
RIE fins [5]-[8]. This makes the presented nitride spacer hard-
mask and TMAH etching combination an attractive choice for 
the processing of FinFETs with high current density per used 
wafer surface.  

 

IV. CONCLUSION 

Standard processing steps like LPCVD and reactive-ion 
etching are used for spacer fabrication. Spacer width is 
controlled by the deposited layer thickness, allowing for very 
thin spacers. The silicon nitride spacer hard-mask is applicable 
to the silicon fin-etching with fins thinner than 30 nm. The 
silicon fin-etching by RIE gives high aspect-ratio, with 
sidewalls at an angle to the surface. The wet silicon-etching in 
crystallographic TMAH solution requires <110> wafers and 
gives vertical silicon walls on <111> planes. The achieved 
aspect-ratio is extremely high with smooth sidewalls. The 
improvement in sidewall quality remains to be proved by 
characteristics of devices processed on silicon fins. 
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Fig. 5.  SEM image of silicon fin etched in 25% TMAH solution at 85°C, 
with silicon nitride hard-mask. Thickness of deposited low-stress silicon 
nitride layer is 50 nm. The surface of the fin sidewall is very smooth. Fin 
cross-section is shown on the right side. 
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