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ABSTRACT 

We describe the formation of silicon micro- and nano-fins, with (111)-plane sidewall 

facets, for selective sidewall epitaxy of III-Nitride semiconductors. The fins were 

produced by wet etching (110)-oriented silicon wafers. Silicon dioxide was deposited 

using plasma enhanced chemical vapor deposition for producing a hard mask. The 

silicon dioxide was patterned using photo- and electron-beam lithography for micro- 

and nano-fins, respectively, followed by wet etching in hydrofluoric acid. Wet etching 

to produce silicon fins was carried out using tetramethyl ammonium hydroxide 

(TMAH) diluted with isopropyl alcohol (IPA), as well as silicon doped TMAH/IPA 

solution with surfactant (Triton-X-100). Atomic force microscopy and scanning 

electron microscopy were used to determine the morphology including surface 

roughness of the area between fins and etching rate of silicon. We tuned the etching 

time, temperature, percentage of IPA, drops of Triton-X-100 in order to get the best 

surface on both (111) and (110) planes.  
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CHAPTER I 

INTRODUCTION TO NANOFABRICATION 

Introduction to nanofabricatonThe term ―nano-technology‖ was first introduced by 

Richard Feynman in his presentation ―There is Plenty of Room at the Bottom‖. He 

imagined a ―better electron microscope‖ that could image tiny objects, which later led 

to the invention of Scanning Tunneling microscope. In 1974, the definition of 

nanotechnology was given by Norio Taniguchi, ―Nano-Technology mainly consists of 

the processing of separation, consolidation, and deformation of materials by one atom 

or one molecule‖ [1]. However, this definition is too general for today’s use. 

Nowadays, nanotechnology deals with applications in dimension ranging from 0.1nm 

to 100nm.The most common one-dimensional nanostructures are thin films that 

contain several atomic layers. The dimensions of nanostructures are determined by the 

number of dimensions on the nanoscale. Using this definition, a nanotube is a two-

dimensional nanostructure and nanoparticle that falls within three-dimension category. 

By fabricating materials into nanostructures then putting different structures together 

in a certain order, we can get a certain nanodevice for integrated circuit (IC) use. 

For fabricating materials, quite a lot of techniques have been used in microelectronic 

fabrication before they are used in nanofabrication nowadays. Chemical vapor 

deposition, evaporation, sputtering, molecular beam epitaxy are most common ways 

for fabrication. However, for most of the techniques, the process is done on the entire 

wafer, which is not compatible with IC fabrication. For IC fabrication, some extra 

steps such as pattern transfer (lithography) and etching techniques are needed.  

In this chapter, two main transfer techniques are introduced. The details about etching 

methods are shown in the next chapter, especially for the silicon etching methods.  
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1.1. MOS Technology and Development 

Field-Effect Transistor (FET) is an electronic device which controls current by field 

effect (Figure 1.1). It contains three terminals, which are source (S), drain (D) and gate 

(G). The idea of field-effect-transistor was introduced by Lilienfeld [2] in 1925. 

However, it was not until 1947 that Bell Lab produced the first practical device based 

on this concept. In 1960, complementary metal-oxide-semiconductor was invented by 

Kahng [3]. This new structure was superior to the junction gate field-effect transistor 

since it does not have the problem of thermal runaway.  

 

Fig. 1.1 Schematic of Field-Effect-Transistor 

Ever since the first MOSFET was made, researchers have achieved significant 

progress in CMOS technology. Efforts are still being made to increase device density 

and performance. However, reducing the size of CMOS devices may result in 

increased current leakage and degradation of carrier mobility [4]. As a result, 

nanoscale materials are receiving extensive attention due to the differences in 

electronic structures from their bulk counterparts [5, 6]. Growth of these structures has 

been based on both top-down and bottom-up approaches [7]. In the latter case, the 
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growth substrate is a key factor in material quality. An excellent substrate material for 

design of novel electronic nanostructures is silicon, due to the wide availability, low 

cost, and breadth of devices which are based on this material. 

Architectures analogous to silicon fin effect transistors (FinFETs/ Multi-FinFETs) are 

of current interest for achieving high device density and much faster devices. The high 

mobility and high breakdown field of III-nitride materials, along with a wide range of 

alloy compositions for band structure engineering, makes devices based on vertical 

fins of these materials interesting for a range of applications. In order to explore these 

possibilities, experiments are needed to obtain silicon fins with a vertical (111) side 

walls for the III-Nitride selective epitaxy. 

1.2. Methods of Pattern transfer 

As discussed in the previous section, in order to get certain features on the substrate, 

pattern transfer, which is a two-step process and includes lithography and etching, is 

performed on the substrate. Firstly, lithography is carried out on the wafer, transferring 

the pattern from mask to resist. Then it is followed by the etching step to transfer the 

pattern from resist to substrate. 

Optical lithography is the most common lithographic technique in IC fabrication. 

When the pattern size decreases to nanometers, some other lithography methods are 

used instead of optical lithography. 

1.2.1. Optical lithography 

Figure 1.2 shows the schematic of the optical lithographic system. Light emitted from 

the optical source passes through the aperture, transferring patterns from the mask to 

the resist. Photoresist is a photosensitive material which can be classified into positive 
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and negative resists. A positive resist could dissolve in the developer after it is 

exposed to light; whereas the negative resist dissolves in the unexposed area and gets 

cross-linked on the exposed area.  

The photomasks (Figure 1.3) are fused silica patterned with chrome. When doing 

photolithography, the mask is pressed on the resist to make them contact each other, 

which is called contact printing. The light passes through where there is no chrome, 

and leaves patterns on the photoresist. The advantage of contact printing is that the gap 

between wafer and photomask is minimal and diffraction effects are minimized, which 

could enhance the resolution. Usually pattern size could be as small as 0.5  . 10-

Angstrom resolution was achieved by using more useful resist [8]. The major 

disadvantage of the contact printing is that the hard contact may cause defects on both 

the wafer and photomask [9]. Due to this reason, contact printing is limited to 

applications where defects can be tolerated.  

 

Fig. 1.2 Schematic of optical lithography 
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Another printing method is proximity printing. For proximity printing, there is no hard 

contact between wafer and mask, but the gap between them will decrease the 

resolution. The minimum pattern size for the proximity printing is 3   , which is 

much larger than that in contact printing. 

The typical photoresist used in photolithography is S1813. This resist has excellent 

adhesion and coating uniformity. The developer used for S1813 is MF 319. The 

substrate is soaked in MF319 for ~ 45 seconds.  

 

Fig. 1.3 examples of photomasks 

1.2.2. Electron-beam lithography (EBL) 

When pattern sizes shrink from micrometers to nanometers, optical lithography may 

not be able to print patterns in nanoscale, since the wavelength would limit the 

resolution.  For this reason, researchers thought of using very short wavelength energy 

sources such as X-ray and electron beam lithography. By mid-1970s electron beam 

lithography had demonstrated the capability of writing lines and spaces less than 10 
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nm wide, which is about 200 times smaller than those fabricated by optical 

lithography. EBL is a type of maskless lithography in which mask is not required to 

generate the final pattern.  

Direct writing (Figure1.4) is the most common EBL approach. Derived from early 

scanning electron microscopes, direct writing EBL has been used for a variety of 

applications since the late 1960s. The principle of direct-write EBL is moving the 

small electron beam spot to scan the wafer row by row to expose the patterns, one 

pixel at a time. The patterns are written by opening and closing a shutter. The basic 

requirements for the electron gun are high intensity, high uniformity, small spot size, 

good stability and endurability [9]. 

 

Fig. 1.4. Schematic of direct writing (adapted from 

http://www.intechopen.com/books/lithography/high-energy-electron-beam-

lithography-for-nanoscale-fabrication) 
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One of the major drawbacks of EBL is its low throughput. Since EBL is a type of 

maskless lithography, the patterns are exposed pixel by pixel. To increase the 

throughput, high intensity source and low inductance deflection coils combined with 

large-bore lenses have been developed, but the best result is still slower than that 

produced by optical lithography. Despite of the disadvantage, EBL is still regarded as 

an ideal choice for device-related research due to its nanometer resolution. 

Polymethylmethacrylate (PMMA) is one of the most popular resists for EBL by 

dissolving PMMA powder in chlorobenzene solvent, then applying the solution on the 

substrate and spinning at a high speed to form a thin coating. A typical developer used 

for developing PMMA is 1:3 methyl isobutyl ketone: isopropanol (MIBK: IPA) for 

highest contrast and 1:1 MIBK: IPA for highest sensitivity. After exposing to 

electrons, PMMA is weakened by the scission of main- and side-chains and the 

exposed resists become soluble in developing solution. 

1.2.3. Improvement of adhesion between substrate and resist 

Because the etchant contacts the substrate and resist in all directions, undercutting and 

―floating patterns‖ are observed during developing and chemical etching. This means 

that the adhesion between resist and substrate is poor. To improve adhesion between 

these two layers, several strategies have been investigated [10]; 

(a) Clean the substrate to remove contaminants and foreign objects. Dust may 

cause uneven resist, which would further cause bad exposure and development 

in the following steps. 

(b) To achieve good adhesion between resist and substrate, effective solvent is 

needed to increase the contact between solvent and substrate. 
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(c) Development is a crucial step in lithography. A good developer should be a 

poor solvent for the unexposed resist so that the unexposed area could remain 

on the substrate stably. 

(d) Pre-bake and post-bake at a proper temperature and for a proper time make the 

photoresist difficult to strip later on. 

(e) Adhesion promoter is commonly used nowadays. Hexamethyldisilazane 

(HMDS) is often used as an adhesion promoter to reduce undercutting and 

adhesion failure [11]. The chemical structure of HMDS is shown in Fig. 1.5. 

Its adhesion depends on siloxane bonds formed by –CH3 and SiO2 surface.  

 

Fig. 1.5 Chemical structure of HMDS  
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CHAPTER II 

 SILICON ETCHING 

After the patterns are transferred from photomask to the substrate, the next step is to 

etch the substrate to get exactly the same patterns as on the resist. There are two 

classification criteria for silicon etching. One is based on etching shape; the other is 

based on etching technique.  The shape of the etched silicon could be either round or 

with sharp corners, which are called isotropic etching and isotropic etching, 

respectively. For IC fabrication, most commonly used etching techniques include wet 

etching, plasma etching and reactive ion etching, most of which could be used for 

silicon etching.  

2.1.  Anisotropic etching and Isotropic etching 

Isotropic etching is an etching method which removes part of the substrate non-

directionally (Figure 2.1 (a)), resulting in round corners. On the contrary, anisotropic 

etching means each crystallographic orientation has different etching rate, so the 

corners are sharp (Figure 2.1 (b), (c)).The etching corners of isotropic etching (Figure 

2.1 (a)) are round, and the etching rates of each planes are the same. The shape of 

anisotropic etching of (100) oriented silicon is an isosceles with a base angle of 54.74
o
 

(Figure 2.1 (b)). For anisotropic etched (110) oriented silicon wafers (Figure 2.1 (c)), 

U-groove is always formed. 

2.1.1. Isotropic Etching of Silicon 

The most commonly used isotropic etching solution for silicon etching is HNA, a 

mixture of hydrofluoric acid (HF), nitric acid (HNO3) and acetic acid (CH3COOH) 

[12]. The overall reaction is as follows. 
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Si + HNO3 + 6HF  H2SiF6 + HNO2 + H2O + H2. 

The reaction is a two-step process. At the beginning, silicon substrate is oxidized by 

HNO3. After that, fluoride ions from HF solution form the soluble silicon compound 

H2SiF6. The next step is to use acetic acid to prevent the dissociation of HNO3. 

 

 

 

Fig.2.1 (a) Isotropic Etching of silicon; (b) Anisotropic Etching of (100) silicon; 

(c) Anisotropic Etching of (110) silicon 

2.1.2. Anisotropic Etching of Silicon 

Due to the different etching rates in different silicon planes, anisotropic etching of 

silicon is often used for making complex shapes, such as V-grooves [13], U-grooves 

[14], pyramidal pits [15], and pyramidal cavities [16]. The orientation of the silicon 

wafer and the shape of the mask pattern determine the final etched shape. Most 

anisotropic etchants for silicon are alkaline solution and have the same overall 

reaction: 

(a) 

(b) 

(c) 
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Si + 2OH
-
 + 2H2O Si(OH)2

2-
 + 2H2. 

Directional wet etching of silicon is well developed for applications in 

microelectronics. Notable etchants include potassium hydroxide (KOH), ethylene 

diaminepyrocatechol (EDP), and tetramethyl ammonium hydroxide (TMAH).   

Finne and Klein [17] first found that EDP could be used in silicon anisotropic etching. 

The etching ratio of three main orientations <100>, <110> and <111> in their 

experiment was 17:10:1. Among all the inorganic alkaline solutions, KOH is most 

commonly used for anisotropic etching. However, since EDP is carcinogenic and 

KOH has potassium in the solution which is not compatible with IC production, 

TMAH is popular due to its low contamination and non toxicity. 

2.2. Etching Methods for Silicon nanofabrication 

Silicon etching techniques have been widely studied. Although most of them were 

found in micromachining silicon etching, we can apply most of the methods to the 

nanofabrication of silicon. The study of silicon etching methods can be classified into 

three different categories, which are dry etching, vapor etching and dry etching.  

2.2.1. Dry Etching 

The most commonly used dry etching method is plasma etching, which has six main 

steps [9]. Firstly, the feed gas is introduced to the chamber and broken into chemically 

reactive species by the plasma. Then these reactive species diffuse to the surface, get 

absorbed by the substrate and react with atoms on the surface. The reaction is followed 

by the reaction atoms diffusing from the surface and getting out of the chamber at the 

end. The etching rate is determined by the slowest one of these steps.  
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The most commonly used plasma feed gas is CF4-O2 mixture [18]. In the plasma 

etching system, CF4-O2 mixture is converted into stable compounds (CO, CO2, COF2, 

and SiF4) and free fluorine atoms. The etching of silicon could be done by the reaction 

between fluorine atoms and O2. 

2.2.2. Vapor Etching 

Vapor etching is similar to dry etching. However it could be done without exposing 

gas to plasma. In most cases, vapor etching could result isotropic etching. In this 

procedure, gas-phase species first get absorbed on the silicon surface then dissociate. 

After that, the etching product is formed and turns into gas phase, followed by residual 

removal. 700 nm/min etching rate was achieved by Winters and Coburn [19] using 

XeF2. The etching rate is shown to be proportional to the feeding gas flow rate. 

2.2.3. Wet etching 

Wet etching is a pure chemical reaction. It usually consists of three steps: etchant 

molecules move to the surface of the wafer, chemical reactions act between the 

surface and the wafer, and reaction products move away from the wafer.  

SiO2 wet etching is the most common wet etching process by soaking SiO2 in diluted 

HF for a certain period of time. Buffered HF-improved is one of the typical etching 

solutions. It is made by mixing 6:1 volume ratio of 40% NH4F in water and 49% HF 

in water. The etching rate of Buffered HF is 200nm/min. 

Wet etching is also a common method to etch silicon. As stated in the last section, 

TMAH, KOH, EDP could all be used as wet etching solutions.  
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2.3. Crystal Structure of Silicon 

The structure of silicon crystal is face centered cubic (FCC) and has two atoms in one 

unit cell (Figure 2.2). In each cubic, each silicon atom has four nearest neighbors. Just 

like carbon, silicon crystallizes in a diamond structure with a lattice spacing of 0.5 nm.  

 

Fig.2.2.Structure of silicon crystal (adapted from http://www-

inst.eecs.berkeley.edu/~ee130/fa07/lectures/Semiconductor_fundamentals_lec1.pdf) 

2.3.1. Mechanism of silicon Anisotropic Etching 

Although researchers have proposed many models to explain the mechanisms of 

silicon anisotropic etching [14, 20, 21], the problem is not well studied. Among the 

models, the ―electrochemical model‖ [22] and ―chemical model‖ [23] have been 

widely accepted. For silicon anisotropic etching, the etching rates on different planes 

are different. Most of the studies show that for the three main low index planes, (110) 

gets the highest etching rate, and (111) gets the lowest rate, which is caused by the 

dangling bounds in each unit cell. When a silicon atom on the surface is to be 

removed, the activation energy is determined by the nearest and second nearest atoms. 
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For example, on {110} surfaces (Figure 2.3 (a)), each silicon atom has one dangling 

bound; it also has one bound connecting to four atoms and two connecting to three 

atoms. Similarly, on {100} planes (Figure 2.3 (b)), each silicon atom has two dangling 

bounds, it also connects to two silicon atoms which have four bounds, so two bounds 

need to be broken in order to remove one atom. However, two of three bounds on 

(110) surface connect to three bounds instead of four on (100) surface. It is obvious 

that the bounds are stronger on (100) surface than on (110) surface. On (111) surfaces 

(Figure 2.3 (c)), each silicon atom has one dangling bound and three bounds need to 

be broken to remove one atom. The difference in the number of bounds results in the 

difference in the etching rate. Increased etching rate is associated with higher solution 

temperature because the hydroxyl ions have higher activation energy at higher 

temperature.  

 

(a)                                            (b)                                            (c) 

Fig. 2.3.Three low index planes in silicon structure; (a) (110), (b) (100), (c) (111). 

2.4. Etch Stop Technique 

For anisotropic etching, sometimes a specific thickness for the corresponding device is 

needed. Several methods have been proposed to make the etching thickness and 

pattern size controllable. For the lateral dimension controlling of wet etching of 
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silicon(110), etching mask such as SiO2 or Si3N4 are used since the etching rates of 

(110) and (111) direction differ by two orders of magnitude. For the vertical direction, 

time-control, Boron-doping control [24-26] and Germanium-doping (SOI) control [27] 

are the most common ways to stop silicon etching. 

Time-control is the most costless and convenient way to stop silicon etching. There 

are two major drawbacks of this method. Firstly, the etching rate of silicon in the 

solutions cannot be calculated accurately. Secondly, the surface roughness is not as 

good as the other two etch-stop methods. However, if there is no need for an accurate 

etching thickness, this method is good to use. 

Boron-doping control is usually used when precise etching thickness is needed. 

Merlos et al. [25] found that the etching rate of heavily Boron-doped silicon is much 

slower than that of lightly doped silicon. In their publication, 10
20

cm
-3

 Boron 

concentrations was achieved by drive-in process. The etching rate slows down when 

solution touches the heavily doped layer. However, Jackson et al. [24] pointed out that 

heavily doped layer may restrict the formation of devices. In their work, a small 

voltage was applied between the cathode and p-n junction to protect either n-silicon or 

p-silicon from being etched.  

The principle of SOI control is similar as that of Boron control. The etching rate of 

insulator layer is much slower than the undoped silicon layer in alkaline solution. 

2.5. Surfactant in silicon wet etching 

Surfactant is a surface-active agent which could lower the surface tension of two 

surfaces. In silicon wet etching, the surfactant molecules dissolve in the solution, 

diffuse to the liquid-vapor and liquid-solid interface and form an adsorbed layer [28].  
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Various surfactants have been used in TMAH wet etching to change the etching rate 

and reduce surface roughness. Cheng et al. [29] used surfactant NC-200 and 

developed a new wet etching method to improve the etched surface; using pure 

TMAH solution to etch silicon at the beginning, then added NC-200 to complete the 

etching process. The surface roughness drops four times than without NC-200. Resnik 

et al. [30] showed that Triton-X-100 could be used as surfactant in both KOH-IPA and 

TMAH-IPA systems. They found out that the added Triton-X-100 changes the etching 

rates of both Si (100) and Si (110) facets at different temperatures. They got the best 

etching condition with 25 % TMAH etchant and 10-200 ppm Triton. To produce 

structures needed for micro-electro-mechanical systems (MEMS), Gosalvez et al. 

[28], experimented with the addition of surfactant Triton X-100 in order to improve 

etch anisotropy and root-mean squared (RMS) surface roughness. Yang et al. [31] 

used two different surfactants in TMAH solution (PEG and ASPEG) to get better 

surface condition.   
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CHAPTER III 

 TMAH WET ETCHING OF SILICON MICROFINS 

Photolithography or e-beam lithography must be done before the etching steps. The 

lithography procedure consists of six main steps, as shown in Figure3.1. In the process 

of electron-beam lithography, to assist resist coating or reduce charging, some extra 

steps may be needed.The detailed experimental procedures are described below. 

       

(a)                                         (b)                                         (c) 

        

(d)                                          (e)                                         (f)  

Fig. 3.1.Schematic of the silicon wet etching process (a) Mask preparation and wafer 

cleaning; (b) Resist Spinning; (c) Exposure; (d) SiO2 Etching; (e)Resist Stripping; (f) 

Silicon wet etching. 

3.1. Process of Silicon fins 

Commercial (011)-oriented Si wafers were used for our study.  The experimental 

procedures were as followed; 

(1) Mask preparation 

Anything that could not react with TMAH could be used as the mask material. In our 

experiment, a SiO2 layer, ~ 50-nm in thickness, is first deposited as the hard mask 

material using plasma enhanced chemical vapor deposition. 
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(2) Wafer cleaning 

Contaminants must be removed from the wafer before resist spinning. We used the 

following procedure to remove the corresponding contaminants; 

(a) 3 minutes soak in acetone with ultrasonic cleaning to remove organic contaminants. 

(b) 3 minutes soak in isopropyl alcohol with ultrasonic cleaning to remove other 

contaminants and remove acetone away from the wafer, since acetone can dissolve 

in isopropyl alcohol but cannot dissolve in water and isopropyl alcohol can 

dissolve in water. 

(c) 3 minutes soak in DI water with ultrasonic cleaning to remove isopropyl alcohol 

way from the wafer. 

(d) Blow the wafer with nitrogen and bake it in oven at 115C for 2 minutes to remove 

H2O residue. 

(3) Promoter and resist spinning, soft baking 

Adhesion promoter hexamethyldisilazane (HMDS, 99%, Gelest) was first applied by 

spin coating, followed by a soft bake (115 C). The spinning condition is 30 seconds 

at 3500 rpm. 

(a) Micro-Fins 

For photolithography, S1813 (Microposit) was used as photoresist. It was first applied 

on the substrate thenspanned at 3500rpm for 30 seconds to get the thickness at 1.4 

micron. This step was followed by baking at 115C in the oven to increase the 

adhesion and the resistance to forces which comes from the photomask when doing 

UV exposition. 

(b) Nano-Fins 
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For electron-beam lithography, we chose polymethylmethacrylate (950 PMMA A4, 

Microchem)as resist. Here we spanned PMMA at 4000 rpm for 30 seconds followed 

by soft baking at 170 C for ten minutes. After that, a thin (~ 10 nm) layer of 

aluminum is deposited on the resist prior to exposure in the SEM. 

(4) photolithography and electron beam lithography (EBL) 

(a) UV exposure for photolithography 

Lithographic photomasks are transparent fused silica covered by designed patterns 

using chrome metal. Stripe widths ranged up to 4 m, and were spaced 50 m apart to 

minimize microloading effects and to provide representative areas for the AFM 

images. 

After soft baking in the oven, the substrate was aligned to the mask. We aligned the 

patterns parallel to the [11 ̅] direction (Figure3.2), which is the flat of the silicon 

wafer, so that the etched SiO2 mask stripes were oriented parallel to the flat of the 

silicon wafer, and the obtained silicon fins were parallel to the [11 ̅] direction. 

 

Fig.3.2 Directions on silicon (110) wafer. 

(b) Electron beam exposure for EBL 
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The mask for EBL is designed using CAD and written on the substrate by electron 

beam. Line widths in the 100 to 300 nm range were written, with lengths of 50 to 100 

m.The throughput of EBL is very low so it has limited use for industrial use. The 

time to expose a given area is given by the formula below: 

D A=T I; [32] 

where T is the exposure time, I is the beam current, D is the dose and A is the area 

exposed. For our sample, it takes 1.5 hours to expose 400    1 cm area. 

(5) Development and hard baking 

(a) Micron-Fins 

The sample is developed using MF319 (Microposit). The developing time is varied by 

the exposure time. Usually the longer the exposure time the shorter developing time, 

and when the promoter is applied on the substrate it takes longer time. In our 

experiment, it takes 8s to get exposed and 2 min to develop the sample.MF319 residue 

was removed by using adequate amount of DI water. 

Hard baking was done after the development at115C for seven minutes to make the 

pattern be stable on the substrate. 

(b) Nanofins 

MIBK: IPA (1:3) is used for developing the nanofins. It takes 30 seconds to get the 

pattern developed. The residue was rinsed off by soak in IPA for another 30 seconds 

and dried the substrate by nitrogen. 

(6) SiO2 etching and resist stripping 
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HF solutions are used for remove unused SiO2. The etching was done in a Teflon 

beaker at room temperature. Buffered HF is used to remove SiO2 on the micron-fins 

by soaking the sample in Buffered HF for 15 seconds and rinsing by water.  

(7) TMAH wet etching of Silicon 

The schematic of the etching apparatus is shown in Figure 3.3. The etching process 

was carried out on a hot plate, and bath temperature measured directly. The IPA and 

TMAH (25 %, Alfa Aesar) were measured by volume and specified according to these 

amounts. For example, the 20/100 IPA/TMAH corresponds to 20 parts IPA in 100 

parts TMAH. Because the IPA is highly volatile in the temperature range investigated 

here, the TMAH and IPA containers were separately heated to the processing 

temperature and mixed at the time of etching. This allows us to specify these 

concentrations prior to substantial evaporation of IPA from the solution. In addition, 

we also doped the TMAH solution by dissolving silicon wafer in the TMAH, followed 

by etching the patterned silicon wafer in the doped TMAH solution. For the studies 

utilizing surfactant (Triton X-100, Sigma-Aldrich), we added this to the pre-heated 

IPA immediately prior to mixing with the TMAH. 

 

Fig. 3.3 Schematic of the etching apparatus 
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(8) Doping of TMAH solution 

We also used doped TMAH solution to etch silicon. The doped solution is made by 

the following steps. 

(a) Heat 150ml TMAH solution to 50 C, IPA was heated on the side.  

(b) To make doped TMAH solution, we add silicon wafer into the heated TMAH 

solution and heated them together for half an hour to make sure there is enough 

silicon dissolved in the solution. 

(c) Heat the doped solution to 85C. 

(d) Mix proper amount of Triton-X-100(in our experiment, we use zero to eight drops 

of Triton-X-100) and heated IPA, then pour the mixed solution into doped TMAH 

solution.  

In this work, we used time-control method to stop silicon etching by pulling the whole 

basket out of TMAH solution, soak it in DI water and rinse the TMAH residue in the 

end. What is necessary for the etched nanofins are control over width and height, 

along with smooth sidewalls and etch planes between the fins. In addition, the corners 

where the sidewalls and interfin planes meet should be have controlled morphology 

without overetching or the presence of shoulders at the base of the fins. 

We report etching with a solution of isopropyl alcohol (IPA) and TMAH for achieving 

< 100 nm wide silicon fins with variable aspect ratio, based on etch time. The 

IPA/TMAH solution etches (110) surfaces from 18 to 100 times faster than (111) 

facets [33, 34], thus making it a good choice for producing nanofins with (111)-

oriented sidewalls using (110)-oriented silicon wafers. We also report the result of 

etching with surfactant and doping of the etchant using blank silicon wafers. 
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3.2. Silicon (110) etching at different temperatures 

We carried out studies of the temperature dependence of wet etching using microfins. 

The etchant used 20 parts IPA in 100 parts of 25 % TMAH solution, at temperatures 

ranging from 60 to 78 C. The etching time for each experiment is 10 min. 

Figure3.4shows the SEM images of etched silicon at different temperatures. Figure 3.5 

shows the AFM images of etching area between the fins. Scan sizes of           

and           were used for the AFM measurement, with a scan resolution of 

512 512 data point per scan. RMS roughness shows on Figure3.6.From the SEM 

images we see that vertical sidewalls were obtained in all the cases due to anisotropic 

etching of silicon. The fins are narrower than the patterns on the mask due to the 

undercutting by lithography bias and etch bias [9].  

 

(a)                                                  (b) 

Fig. 3.4 Cross-section SEM images of silicon substrate etched at (a) 60 C, (c) 68 C, 

(e) 73 C, (g) 78 C; Plain view SEM images of silicon substrate etched at (b) 

60 C, (d) 68 C, (f) 73 C, (h) 78 C. Etching time is 10 min for each sample. 
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(c)                                                  (d) 

  

(e)                                                   (f) 

 

(g)                                                   (h) 

Fig. 3.4 continued 
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Smooth sidewalls were obtained after etching at all temperatures investigated. Corners 

where the sidewalls (111) meet the (011) planes are sharp. The            AFM 

images show that at lower temperatures, the etched surface is rough and bumpy. 

Higher temperature decreases the size and density of bumps. The bumps almost 

disappear at 78C.  

Besides, the RMS roughness depends on the scan size. The etched surfaces have some 

bumps and cavities. Though sparse, they increase the RMS roughness as scan size 

increases, because the unsmooth parts are not scanned when the scan size is relatively 

small. Both the etching rate and smoothness of silicon (110) plane increase as 

temperature increases.  

 

(a)                                                               (b) 

Fig.3.5 AFM images of silicon substrate etched at (a), (b) 60 C, (c), (d) 68 C, (e), 

(f) 73C and (g), (h) 78C. The scan size of (a), (c), (e) and (g) is         . The 

scan size of (b), (d), (f) and (h) is          . 
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(c)                                                               (d) 

 

(e)                                                        (f) 

 

 

 

Fig. 3.5 Continued 

(g)                                                                         (h) 
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Fig. 3.6 Etching roughness results. 

Figure3.10 shows the etching rates obtained from the three different etchant 

concentrations in an Arrhenius plot, and the dependence is described using activation 

energy at 0.67 eV. This is consistent with previously published results of 

Charbonnieraset al. [35]. They also observed the dependency relation when etching 

silicon in ethylenediamine based solution (EDP type S), as well as the relation 

between the activation energy in different planes: for planes with faster etching rates, 

the activation energy is higher, and vice versa[36]. 

3.3. Silicon(110) etching using different IPA concentration 

Figure 3.7 and Figure 3.8 show the SEM images and the AFM images of the samples 

etched using different IPA concentration at different temperatures. All the samples are 

etched for 5 min.  
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(a)                                                                    (b) 

  

(c)                                                             (d) 

Fig.3.7 Plain view SEM images of silicon substrate etched at (a) 60C, (e) 68C, (i) 

73C, (m) 78C using 15/100 IPA/TMAH concentration; cross-section SEM images of 

silicon substrate etched at (b) 60C, (f) 68C, (j) 73C, (n)78C using 15/100 

IPA/TMAH concentration; plain view SEM images of silicon substrate etched at (c) 

60C, (g) 68C, (b) 73C, (o) 78C using 25/100 IPA/TMAH concentration; cross-

section SEM images of silicon substrate etched at (d) 60C, (h) 68C, (l) 73C, (p) 

78C using 25/100 IPA/TMAH concentration. Etching time is 5 min for each sample. 

 



Texas Tech University, Lianci Liu, December, 2012 
 

29 

  

(e)                                                            (f) 

  

(g)                                                               (h) 

  

(i)                                                                   (j) 

Fig. 3.7 Continued 
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(k)                                                              (l) 

  

(m)                                                               (n) 

  

(o)                                                            (p) 

Fig. 3.7 Continued 
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(a)                                                                (b) 

 

(c)                                                                (d) 

 

(e)                                                                   (f) 

Fig. 3.8 AFM images of silicon substrate etched at (a), (b) 60C using 15/100 

IPA/TMAH, (c), (d) 60C using 25/100 IPA/TMAH, (e), (f) 68C using 15/100 

IPA/TMAH; (g), (h) 68C using 25/100 IPA/TMAH; (i), (j) 73C using 15/100 

IPA/TMAH; (k), (l) 73C using 25/100 IPA/TMAH; (m), (n) 78C using 15/100 

IPA/TMAH; (o), (p) 78C using 25/100 IPA/TMAH.  
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(g)                                                                    (h) 

 

(i)                                                                    (j) 

 

(k)                                                                    (l) 

Fig. 3.8 Continued 
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(m)                                                                    (n) 

 

(o)                                                                    (p) 

Fig. 3.8 Continued 

 

The etching result (Figure3.10) showed that higher IPA concentration helps reduce the 

etching rate of Si (110) by absorbing IPA molecules on select crystallographic planes. 

Zubel et al. have achieved similar results [37]. In their experiment, The IPA 

concentration was varied across the 5 to 40 % range. TMAH was also varied, from 5 

to 25 %. The primary result of this prior work was to show that IPA was effective at 

reducing the etching rate on select crystallographic planes, including (100) and (311).  

The etching result shows the etching rates obtained from the three different etchant 

concentrations in an Arrhenius plot. In all cases, the dependence is described using 
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activation energy in the 0.52 to 0.69 eV. This proves that the activation energy does 

not change with IPA concentration, which means that IPA molecules do not actually 

react with silicon atoms.  
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Fig. 3.9 Arrhenius diagram of the etch rate at different IPA concentration. 

From the SEM images we can see that the vertical sidewalls were achieved with 

15/100 IPA/TMAH solution at all the temperatures. Shoulders appear when using 

25/100 IPA/TMAH solution at 60C and 78C, because the added IPA changes the 

etching rate on different crystallographic planes. The AFM measurement shows that 

higher IPA concentration or higher solution could help reduce surface roughness. The 

AFM images of etching area between the fins reveal RMS roughness below 5 nm, 

with improvement at higher temperatures where it drops below 2 nm. Above results 
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showed that both IPA concentration and temperature could impact the surface 

morphology and the formation of the shoulders on the side. The shoulders appear at 

high IPA concentrations, which is correlated with the finding that IPA improves the 

surface morphology but reduces etching rate[38]. Similar shoulders were also found 

by Seidel et al.[14] using KOH solutions. Therefore, from a morphological point of 

view, the 20/100 mixture of IPA and TMAH was found to be the best. 
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Fig. 3.10 RMS roughness of the samples etched using different IPA concentration at 

different temperature. 
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3.4. Silicon (110) etching with different time 

To examine the effect of etch time on surface roughness, we carried out a timed series 

ranging from 2 to 20 min using the 20/100 IPA/TMAH concentration described above 

at 78 C.   

 

(a)                                                                     (b) 

 

(c)                                                                 (d) 

Fig. 3.11 SEM images of silicon microfins etched at 78C for (a), (b) 2 min; (c), (d)3 

min; (e), (f) 5 min; (g), (h) 8min, (i), (j) 10min, (k), (l) 15min, (m), (n) 20min. (a), (c), 

(e), (g), (i), (k) and (m) are cross-sectionview SEM images, (b), (d), (e), (h), (j), (l) and 

(n) are plain view SEM images. 
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(e)                                                                (f) 

 

(g)                                                           (h) 

 

(k)                                                          (l) 

Fig. 3.11 Continued 
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(m)                                                          (n) 

Fig. 3.11 Continued 

Figure 3.12 shows the plain view and cross-section view SEM images. Figure 3.13 

shows the corresponding AFM measurement results. Figure 3.14 shows the 

dependency of the etching rate and roughness on etching time.  

 

(a)                                                                                 (b) 

Fig.3.12 AFM images of the area between fins. Silicon microfins were etched at 78C 

for (a), (b) 2 min, (c), (d) 3 min, (e), (f) 5 min, (g), (h) 8min, (i),(j) 10min, (k), (l) 

15min, (m), (n) 20min.The scan size of (a), (c), (e), (g), (i), (k) and (m) is     

   , the scan size of (b), (d), (f), (h), (j), (l) and (n) is       . 
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(c)                                                                                 (d) 

 

(e)                                                                                 (f) 

 

(g)                                                                                 (h) 

 

Fig. 3.12 Continued 
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(i)                                                                                 (j) 

 

(k)                                                                                 (l) 

 

(m)                                                                                 (n) 

Fig. 3.12 Continued 
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Fig. 3.13 Etching result for TMAH wet etching at 78C for different time 

The etch depth increased linearly with time establishing a rate of 41811 nm/min. No 

appreciable etch delay is observed. In addition, the surface becomes consistently 

smoother reaching values < 1 nm after 5 minutes and remaining in this range for 

longer etch times. The better surface morphology may be caused by the increased 

concentration of dissolved silicon in TMAH solution, as previously described based 

on ―doping‖ the solution with silicon powder [39]. 

3.5. Silicon(110) etching with surfactant 

As described in the next chapter, the formation of shoulders at the intersection of the 

(111) and (011) planes remained an important problem for nanofins. Gosalvez et al. 

[28] found that a small amount of surfactant added in the concentrated TMAH solution 
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reduced (110) etch rate. In their case, this was of interest to improve mask 

undercutting at convex corners to better retain pattern shapes. The surfactant also 

significantly reduces surface roughness. Yan et al. [39] found in TMAH wet etching 

that the added silicon powder could help reduce aluminum etching rate and also 

improve the silicon surface roughness significantly. The reaction is as follows: 

Si+4OH
- 
→Si(OH)4

-
; 

Silicon dissolves in TMAH and forms silicon hydroxide. In our experiment, we 

dissolved silicon wafer in the solution instead of silicon powder for safety reasons. 

In this section we focus on the surfactant-added TMAH wet etching, aiming at 

improving the surface roughness. Four samples were etched to get the best etching 

condition. TMAH solution was doped using the method discussed in 3.1.8.  

 

(a)                                                                (b) 

Fig.3.14 SEM images of silicon substrate etched at 78C with different drops of 

Triton-X-100 (a), (b) zero drop, (c), (d) one drop, (e), (f) two drops, (g), (h) three 

drops, (i),(j) eight drops, (a), (c), (e), (g) and (i) are plain view SEM images, (b), (d), 

(f), (h) and(j)are cross-section view SEM images. 
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(c)                                                             (d) 

  

(e)                                                           (f) 

 

(g)                                                            (h) 

 Fig. 3.14 Continued 
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(i)                                                          (j) 

Fig. 3.14 Continued 

For the studies utilizing surfactant (Triton X-100, Sigma-Aldrich), we added this to 

the pre-heated IPA immediately prior to mixing with the TMAH. The etched samples 

were compared with samples etched withundoped solutions.  

 

(a)                                                                           (b) 

Fig.3.15 AFM images of silicon substrate etched at 78C with different drops of 

Triton-X-100 (a), (b) zero drop, (c), (d) one drop, (e), (f) two drops, (g), (h) three 

drops, (i),(j) eight drops. The size of (a), (c), (e), (g) and (i) is         , the size of 

(b), (d), (f), (h) and (j) is          . 
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(c)                                                                                (d) 

 

(e)                                                                                 (f) 

 

(g)                                                                    (h) 

Fig. 3.15 Continued 
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(i)                                                                    (j) 

Fig. 3.15 Continued 

We experimented with surfactant Triton X-100 to improve overall surface morphology 

and reduce the formation of shoulders. A solution of 30/150 IPA/TMAH was used, 

corresponding to the 20/100 solution described above but with a slightly larger total 

volume for the surfactant dilution. 

Figure 3.14 and Figure 3.15 show the SEM and AFM images of the Si (110) etched 

with doped TMAH solution and different amount of surfactant. Shown in Figure 3.16 

are the etch depth and RMS roughness versus surfactant concentration. As in the 

previous report [30] the etch rate drops upon addition of surfactant. The RMS 

roughness is in the 1 to 2 nm range in all cases, and does not show a systematic 

dependence on the surfactant concentration. The best RMS roughness is achieved by 

using three drops of surfactant (200 ppm), which is consistent with Resnik’s results 

[30]. 

As we can see in Figure 3.16, the etching rate decreased significantly when adding 

surfactant in TMAH solution. The decreased etching rate is caused by the monolayer 

formed on the silicon surface. It is well known that a surfactant molecule has one end 

hydrophilic and one end hydrophobic. Gosalvez et al. [28] discovered that a 
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monolayer of surfactant molecules  is formed on the silicon surface with hydrophobic 

chains contact with silicon, while hydrophilic chains contact with water, so that the 

contact of water and silicon is reduced. 
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Fig. 3.16 Etching results for using different TritonX-100 content. 
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CHAPTER IV 

 SILICON NANO-FINS ON SILICON SUBSTRATE 

Based on the microfins results in the last chapter, we etched nanoscale silicon fins 

using two approaches. In the first approach, the IPA/TMAH solution was used without 

surfactant or silicon doping. In the second approach, we used doped 20/100 

IPA/TMAH solutionwith added surfactant for silicon wet etching. 

4.1. Silicon nano-fins using TMAH/IPA solution 

Using the first approach, we set etching temperature at 78 C and duration was up to 5 

min. Three different IPA concentration are used, 0/100, 15/100 and 20/100 

IPA/TMAH concentration. In each case studied, we obtained shoulders where the 

(111) and (011) facets meet.Shown in Figure 4.1 are the SEM cross-sections of the 

sample etched by (a) 0/100 and 20/100 IPA/TMAH concentration.One possible 

explanation for this difference with the micro-scale processing experiments is the 

proximity between nanofins and resulting microloading of the etchant. 

 

(a)                                                                (b) 

Fig. 4.1 SEM cross-sections of silicon nanofins etched by (a) 0/100, (c) 20/100 

IPA/TMAH concentration 
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4.2. Silicon nano-fins using TMAH/IPA solution with surfactant 

To reduce the presence of shoulders, we etched using the surfactant approach 

described above. The etch rate of the (100) shoulder facets is not appreciably affected 

by the presence of surfactant. The reduced (110) etch rate, with Triton X-100 added, 

should provide ample time to etch (100) shoulder facets, thereby aiding in their 

removal. A 30/150 IPA/TMAH solution was used with 200 ppm of Triton X-100 and 

doped using a blank silicon wafer. Etch bath temperature was 78 C and a 1 min 

duration was used to achieve ~ 250 nm fin height. Figure4.2 (a) and (b) arethe 

representative SEM cross-section view and plain view. The straight sidewall was 

achieved and the surface. The etch rate of ~ 250 nm/min is slightly lower than what 

we obtained in Figure3.17, possibly due to microloading near the nanofins, which are 

more closely spaced than the microfins in the process development. The area between 

the fins was very smooth: AFM measurement, Fig. 4.3, showed that the RMS 

roughness was 0.9 nm. 

  

(a)                                                                (b) 

Fig. 4.2 Plan-view (a) and cross-section view (b) SEM images of the nano-fins 
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Fig. 4.3 AFM image of the surface between the nano-fins  



Texas Tech University, Lianci Liu, December, 2012 
 

51 

CHAPTER V 

 CONCLUSIONS 

In this work, we used TMAH/IPA solution to etch silicon (110) substrate to get fin 

structure. Three variables (time, temperature, IPA concentration) were tuned to 

develop the best etching results. For micro-fins, we got the best surface roughness and 

vertical sidewalls when etching at 78C using 20/100 IPA/TMAH(25%) solution. We 

found that higher IPA concentration would result the formation of shoulders on the 

side, and lower temperature would cause rough surface in between fins. The surface 

becomes consistently smoother reaching values < 1 nm after 5 minutes and remaining 

in this range for longer etch times, because TMAH solution was doped with silicon 

wafer dissolved in it. 

In addition, The TMAH solution was doped, prior to the addition of IPA and 

surfactant, by submersing a 50 mm diameter silicon wafer and heating to 50 C for 30 

min. The solution was then ramped to ~ 85 C, so that when the IPA is added the 

resulting temperature is the desired 78 C. The surface roughness was reduced when 

using doped TMAH solution. The added surfactant (Triton-X-100) also helped refine 

the surface roughness. The best result was achieved by mixing 3 drops (200 ppm) of 

Triton-X-100 in the doped TMAH solution. 

To fabricate silicon nano-fins, both undoped and doped TMAH solution are used. 

Using undoped solution, we are not able to fabricate silicon fins without shoulders. By 

using added surfactant in doped IPA/TMAH solution we achieved vertical fins with 

smooth area between fins changes the etching rate of Si(100) surface and Si(110) 

surface to get rid of shoulders beside fins. We fabricated silicon fins with the height ~ 

240nm and the width of ~ 30nm.  
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