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Abstract  
 
In this project, nanopore arrays have been fabricated on bulk silicon and on silicon 
membranes by electrochemical etching. First, the surface of bulk silicon and silicon 
membranes have been patterned by photolithography and then invert pyramidal pit arrays 
have been formed by KOH etching. To fabricate nanopore arrays, bulk silicon and silicon 
membranes with the inverted pyramidal structure were electrochemically etched with 
backside illumination and by breakdown methods, respectively. Pore morphology was then 
characterized by scanning electron microscopy (SEM). On bulk silicon, etching by backside 
illumination did not form promising nanopore arrays; while arrays of nanopores with ~8 nm 
in diameter have been fabricated to a depth of 18 µm by tuning the applied breakdown bias. 
On silicon membranes, arrays of nanopores with 18±4 nm diameter have been etched through 
the membranes with the buried oxide remaining on the backside using the breakdown method. 
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Chapter 1 
 
Introduction 
 
In 1956, Uhlir discovered porous silicon while polishing silicon wafers by using an electrolyte 
of hydrofluoric acid (HF) 1. Even though porous silicon was discovered in 1956, it became 
well known and drawn attention to in 1990s because photoluminescence in porous silicon 
resulted in quantum confinement of carriers in nano-crystals of silicon 2. Initially, the main 
interest in porous silicon was focused on applications of optoelectronics such as light emitting 
diodes (LEDs) 3, waveguides 4, photodetectors 5, and electro-optic devices 6. Later on, due to 
its properties (structural, electrical, mechanical, thermal, etc.) intensive research on porous 
silicon revealed it as a very promising material for various applications beyond 
optoelectronics such as biomedical, chemical and biological sensing 7, lithium ion batteries 8, 
and etc. Even though there are several alternative fabrication methods of porous silicon like 
stain etching 9 and bottom-up synthesis 10, porous silicon has been mainly produced by 
electrochemical etching due to its low production cost on a large scale.  
 
During electrochemical etching on silicon wafers, not only a porous surface was formed on 
silicon but also pores deepen into the silicon. Electrochemical pore formation in silicon and its 
phenomenon have been studied in this work. Three types of pores have been classified by 
pore diameter according to the International Union of Pure and Applied Chemistry (IUPAC): 
micropores (<10 nm), mesopores (10 – 50 nm), and macropores (> 50 nm) 11. In this project, 
pores in a range of less than 1 µm will be referred as “nanopores”. The fabrication of a regular 
array of macropores on pre-patterned silicon substrates by electrochemical etching was found 
in 1990 12. However, there are limits in the formation of macropore arrays. The pore 
diameters was limited at 300 nm at that time 13 though later it was reported that pore arrays 
with diameters 150 nm can be achieved 14.  
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In 1990, the idea of using nanopores as a sensing device for DNA molecules was proposed 15. 
This concept could lead to fast human genome sequencing to make promising changes in the 
study of genetic diseases 16. Due to the small dimension of DNA, 2 nm in width, sub-10 nm 
pores are used as essential tools to read the DNA sequence. In addition to DNA sequencing, 
nanopores with diameters ranging from sub-5 nm to 50 nm have been used to detect and 
characterize protein molecules 17,18.  To obtain such small size, there are few methods to 
fabricate sub-100 nm nanopores such as bombardment of Ar+

 beam on thin silicon nitride 
(SiN) membranes 19 or TEM “drilling” on silicon dioxide (SiO2) membranes and SiN 
membranes 20,21. IBM reported that sub-20 nm pore arrays in membranes by reactive ion 
etching (RIE) instead of TEM drilling 22.  

However, those nanopore fabrication methods are time consuming and require high-cost 
equipment. The aim of this project is to fabricate arrays of nanopores with sub-20 nm 
diameter on silicon membranes by using electrochemical etching which is a low cost and fast 
method comparing to other equipment-intensive and time-consuming methods. 
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Chapter 2 
 
Theoretical background 
 
2.1 Materials 

 
2.1.1 Silicon 

 
Single crystalline silicon is arranged in a diamond lattice structure, in which each silicon atom 
has covalent bonds to other four silicon atoms in a tetrahedral structure with a lattice constant 
of 0.54 nm. A unit cell is shown in figure 2.1. Comparing to other crystal orientations, the 
lowest density of atomic bonds is in the (100) direction, which is a path of least resistance and 
preferred etching direction of HF 12.  The energy bandgap of silicon is indirect with 1.11 eV at 
room temperature (RT). A resistivity of a pure silicon crystal is about 10 kΩcm at RT, 
corresponding to a charge concentration of 1.45 × 1010 cm-3. The concentration of free charge 
carriers can be increased by introducing impurities in silicon. N-type silicon, which electrons 
are the majority of charges, is doped with group V elements such as phosphorous or arsenic. 
P-type silicon, which holes are the majority of charges, is doped with group III elements such 
as Boron or Antimony. Single crystalline silicon is commercially available with doping in the 
range of 1013 to 1020 cm-3. 

 
Figure 2.1: Silicon crystal structure. 
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2.1.2 Silicon on insulator (SOI)  
 

An SOI wafer consists of three layers: a thin device layer of silicon in thickness ranging from 
few nanometers to several microns, a layer of insulating material usually made of buried 
oxide (BOX) in few hundred nanometers thickness, and a handle silicon layer typically    
~500 µm. The manufacture of SOI wafers can be: separation by implantation of oxygen 
(SIMOX), wafer bonding, Simbond, or seed methods. Compact chips can be built on SOI 
wafers to obtain faster and smaller IC devices. With advantage of SOI wafer, many advanced 
devices and applications are formed such as microelectromechanical system (MEMS) or SOI 
transistors. Moreover, free-standing silicon membranes in this project were fabricated from 
SOI wafers.  

 
2.2 Electrochemical etching in hydrofluoric acid (HF) 

 
Electrochemical etching of silicon in an HF electrolyte is a technique to form porous silicon 
23. The electrochemical dissolution is a result of anodic current flow at the Si/HF interface. 
The basic experiment setup was designed by Lehmann and Canhamm, as shown in figure 2.2. 
A positive potential is applied on the silicon electrode to force current flow through the Si/HF 
interface. As a result, small pores were etched at the silicon surface. Not only small pores but 
also a porous morphology or electropolished surface may occur in silicon samples: The 
resulted structure depends on doping of the silicon samples, the electrolyte concentration, 
temperature, applied voltage, current density etc.     

 
Figure 2.2: Basic experimental setup of a Si sample in HF solution 24. 

 
When a silicon sample is immersed in the electrolyte, electrons in silicon lowering their 
energy by flowing from the silicon to electrolyte cause a band bending to form an 
equilibrium, and the difference in potential generates an electrical field in the space charge 
region (SCR) (figure 2.3). A reverse or a forward potential bias is applied to adjust the energy 
band and the SCR. The doping concentration of silicon also affects the energy band interface. 
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For n-type silicon, a reverse bias will extend the SCR and form a higher energy barrier; while 
a forward bias will shrink the SCR and lower the energy barrier. Silicon with a higher doping 
density has a thinner SCR and higher energy barrier. On the contrary, silicon with a lower 
doping density has a thicker SCR and lower energy barrier.  

 

 
Figure 2.3: Band diagram of Si/HF interface before electrolyte immersion (a) and at 
equilibrium (b). 

 
2.2.1 Anodic Reaction 

 
Anodic reaction is the chemical reaction which dissolves silicon during the electrochemical 
etching. Fluorine ions (F-) from the HF solution and holes in the semiconductor are required 
in the reaction. Initially, when silicon is immersed in the HF solution, the silicon surface is 
hydrogen-terminated (figure 2.4 a). Two F- ions and two holes will break Si-H bonds and 
form SiF2. Si-SiF2 bonds will be loose due to high electronegativity of the fluoride atoms, and 
the HF molecules will dissolve SiF2 and form SiF4 and release hydrogen gas. Then, the SiF4 

will be dissolved in the solution and become the H2SiF6 byproduct. In alternative reaction 
path, SiF2 is dissolved by assistance of other two holes instead of HF in the same time (figure 
2.4 b). 
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Figure 2.4: Schematic of anodic reactions at the Si/HF interface. 

 
In electrochemical etching in an HF solution, in figure 2.5, the surface of silicon can be etched 
into three different regimes: porous regime, transition regime, and electropolishing regime. 
Those regimes are divided by the current density 25. To form nanopores in silicon by 
electrochemical etching in an HF solution, the current densities were controlled only within 
the porous regime in this project. 

 
 

Figure 2.5: An SEM image of silicon surface etched at different regimes 14. 
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2.2.2 Formation of regular pore arrays in n-type silicon 
 

An etching method to fabricate pores in regular arrays has been proposed by Lehmann 12, and 
this method was used to form pores in this project. The surface of n-type silicon is patterned 
by optical lithography to form etching pits in a regular array (details will be described in 
Chapter 3). During the electrochemical etching in HF, the Si/HF interface will form an SCR 
along the patterns. Then, positive charge carriers can be generated in the silicon by backside 
illumination and diffuse to the SCR. Those charge carriers are then focused on the tip due to 
high electrical field inside SCR. Since the chemical reaction at the surface is initiated by holes 
arriving at the surface, pore formation is initiated at the tips. The high curvature of the pore 
tips continuously attract holes and keep etching pores forward. To form homogenous and 
uniform pore arrays, the pitch distance should be around twice of the SCR width. The SCR 
around evolving pores overlaps with the SCR of neighboring pores. The overlap of the SCR 
leads to a passivation of the pore walls. Holes are then attracted only at the tips and form 
stable pores.   

 
Figure 2.6: Space charge region and hole diffusion and drift in n-type silicon. 
 

2.2.3 Backside illumination (BSI) in n-type silicon 
 

Electron-hole pairs can be excited from absorption of photons with energy larger than the 
bandgap of a semiconductor material. Due to the 1.11 eV bandgap of silicon which 
corresponds to the energy of a photon with 1.13 µm wavelength, electron-hole pairs in silicon 
can be excited by light which wavelength is shorter than 1.13µm. For electrochemical etching 
with reverse bias for n-type silicon, when backside of the silicon absorbs the light, electrons 
and holes are excited. The holes can reach the SCR by diffusion while electrons are conducted 
away by the backside contact by applying a reverse bias. However, a large number of 
electron-hole pairs recombine in the silicon. For the same light source, the generation rate of 
electron-hole pairs by light absorption is proportional to the intensity of light. However, the 
recombination rate of electron-hole is related to the dopant concentration. Since the carrier 
lifetime (𝜏𝜏) normally is shorter for higher dopant. As the diffusion length is given by: 
𝐿𝐿 = √∆𝜏𝜏, the dopant concentration affects the diffusion length of the charge carriers. A high 
dopant concentration leads to a short diffusion length. 
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Figure2.7 : SEM images of (A) initial pits and (B, C) arrays of macropores 
formed by backside illumination when the pitch distance matched to SCR 14. 

 
2.2.4 Etching by breakdown 

 
Not only light absorption but also the breakdown mechanism can provide positive charge 
carriers in silicon. Both tunneling breakdown and avalanche breakdown can occur during 
electrochemical etching. For tunneling breakdown, the charges can penetrate the potential 
barrier by band-to-band tunneling for a thin SCR. The width of SCR depends on both doping 
concentration and geometry of the structure. Comparing to a planar geometry of silicon 
surface and cylindrical geometry of pore walls, the spherical geometries of pore tips have 
higher curvature which leads to thinner SCR and higher electrical fields. Therefore, 
breakdown occurs preferentially at the pore tips. During etching by breakdown, the pitch 
distance does not necessarily match with the width of the SCR, for the holes are generated at 
the pore tips directly instead of diffused from the backside of the substrate.  
 

 
Figure 2.8: SEM images of pore arrays formed by the breakdown mechanism. 
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Chapter3 
 
Experimental methods 
 
The nanopore fabrication process can be divided into 2 steps. Firstly, inverted pyramidal 
structures as etching pits on bulk silicon or silicon membranes were formed by standard 
semiconductor cleanroom techniques. Secondly, pre-described substrates were subject to 
electrochemical etching in hydrofluoric acid (HF) to form arrays of nanopores. All samples 
were characterized by SEM. The fabrication process of the etching pit formation and 
membrane fabrication are briefly summarized. The electrochemical etching setup, etchant and 
etching procedure are described in detail in this chapter. 
 
3.1  Silicon substrate 
 
For this project, n-type silicon wafers and SOI wafer with a (100) crystal orientation with 
different resistivity have been used as showing in table 3.1. Arrays of inverted pyramids were 
patterned on the front surfaces of bulk silicon wafers and SOI wafers. The latter was then 
processed to form free-standing silicon membranes.  

 
Resistivity (Ωcm) Wafer type 

0.01 – 0.03 bulk 
1 – 5 SOI 
5 – 20 SOI 
20 - 40 bulk 

 
Table 3.1:  Wafers used in the experiment. 

 
3.1.1 Etch pit formation on bulk silicon 
 
To etch arrays of inverted pyramidal structures in silicon, a silicon wafer with a thickness of 
525+/- 25µm was firstly thermally oxidized in dry O2 to form 100 nm thick oxide layers. 
Followed by optical lithography, arrays of square patterns with pitch distance 1.4 µm were 
defined in the positive photoresist and then transferred into oxide layer with reactive ion 
etching (RIE). The wafer was etched in 30 % KOH at 80° C for 90 seconds to form inverted 
pyramids in silicon. Finally, the oxide layer was removed by 5 % HF. The process is shown 
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schematically in figure 3.1. To use such silicon substrates in electrochemical etching, the 
silicon wafers were cleaved by a diamond pen into small chips with sizes of approximately    
2 x 2 cm2 with inverted pyramid patterns in the center in order to fit in the etching cell. 

 
 

 
Figure 3.1: The process of etching pit formation on silicon 
 

3.1.2 Pre-etching pattern formation and fabrication of silicon membranes 
 

Silicon membranes were fabricated from a SOI wafer, which consists of a 2.5±0.5 µm n-type 
silicon layer, a 1 µm buried oxide (BOX) layer, and a 500 µm silicon handle layer. Arrays of   
2 x 2 µm2 squares with 4 µm pitch distance were patterned on the device layer by the same 
process as described for bulk. A thin resist layer was coated on the surface of the device layer 
to protect the pattern during backside membrane formation process. As shown in figure 3.2 a - 
3.2 c, membrane positions were defined on the backside of the wafer by optical lithography. 
The area of each membrane is about 100 x 100 µm2. The backside oxide and the silicon 
handle were etched by RIE and inductively coupled plasma etching (Bosch process), 
respectively.  
After the membranes were fabricated, the SOI wafer was etched in KOH to form inverted 
pyramids on the membranes in the same fashion as the last step forming etching pits on the 
bulk silicon wafer (Figure 3.2 d and 3.2 e). In the experiment, there are two different 
processes: the BOX was removed before the electrochemical etching and after the 
electrochemical etching (the details which will be discussed in chapter 4).   
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Figure 3.2: The process of silicon membrane fabrication and etching pit formation 
on silicon membranes 

 
 
3.2  Electrochemical etching process 

 
After sample preparation, the electrochemical etching was conducted to fabricate nanopores 
in an etching cell in a fume hood. The bias were applied across the samples by VersaSTAT 4-
potentialstat which was connected to the platinum wires. IV data were collected and analyzed 
by Versa Studio software. 
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3.2.1 Etching cell 
 
Electrochemical etching was conducted in a Teflon double cell. Stainless-steel bars, lock 
rings, and lock plates were used to fix the double cell, and each sample was placed between 
the two cells. Rubber o-rings were placed on both sides of the sample, and the cells were 
pressed together to lock the sample. A transparent sapphire window was placed in the 
backside of the etching cell. Platinum wires were mounted through each chamber as 
electrodes. During etching, the etchant was filled in the upper chamber and 9 mg/ml NaCl 
solution was filled in the lower chamber. Then, the etching cell was placed horizontally to 
avoid bubbles accumulating at the backside of the sample. 

 
3.2.2 Etchant 
 
Hydrofluoric acid based solutions as etchant was used during the electrochemical etching 
process. The etchant consists of HF, ethanol, and de-ionized water. The volume ratio of 
ethanol and water is 1:3. The HF concentration in percentage of weight of the etchant can be 
calculated according to equation 3.1. Only the etchant (HF 5.4 wt%) at room temperature was 
used in this experiment. 
 

[𝐻𝐻𝐻𝐻%] = �1
2

× 𝑉𝑉𝐻𝐻𝐻𝐻 50%×𝜌𝜌𝐻𝐻𝐻𝐻 50%
�𝑉𝑉𝐻𝐻2𝑂𝑂×𝜌𝜌𝐻𝐻2𝑂𝑂�+(𝑉𝑉𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎×𝜌𝜌𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)+(𝑉𝑉𝐻𝐻𝐻𝐻 50%×𝜌𝜌𝐻𝐻𝐻𝐻 50%)� × 100                 (3.1) 

 
where  𝜌𝜌𝐻𝐻𝐻𝐻 50% = 1.16 𝑘𝑘𝑘𝑘 𝑙𝑙 ,𝜌𝜌𝐻𝐻2𝑂𝑂 = 1 𝑘𝑘𝑘𝑘 𝑙𝑙 , 𝜌𝜌𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0.79  𝑘𝑘𝑘𝑘 𝑙𝑙⁄⁄  ⁄   
 

3.2.3 Etching on bulk silicon 
 
Electrochemical etching on bulk silicon samples were conducted in two ways, by the backside 
illumination method or by the breakdown method. The etchant was filled in the chamber 
which contacts the frontside of the samples, and an NaCl solution was filled in the chamber 
which contacts the backside of the samples.  For the backside illumination method, a 445 nm 
wavelength blue LED (model M455L2, Thorlabs) and a warm white LED (model MWWHL3, 
Thorlabs) with a power supply (model 4302 Lasersource, 2A, Arroyo Instrument) were set up 
at the backside of the cell while applying a bias ranging from 2 V to 7 V. For the breakdown 
method, the etching cell was fully covered by a plastic tray to avoid unwanted ambient light. 
A high bias ranging from 10 V to 50 V was applied. 

 
3.2.4 Etching on silicon membranes 
 
To conduct electrochemical etching on silicon membranes, the setup is similar to 
electrochemical etching on bulk silicon except for the solution in the backside chamber. Due 
to the few hundred micron size of the trenches underneath membranes, bubbles in the solution 
might be trapped within the trench which will prevent contact between liquid and the sample. 
Furthermore, the NaCl solution, alone has a too high surface tension that might prevent 
contacting the backside of the membranes. Therefore, isoproponal was mixed with the NaCl 
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solution to lower the surface tension, increasing wetting. In addition, the membrane samples 
were exposed to an oxygen plasma under vacuum by a plasma cleaner (model 1020, Fischione 
Instrument) for 2 minutes so that the surface became hydrophilic to allow the solution to get 
into the trench and contact the backside of membranes.  
After electrochemical etching, the samples were treated before investigation by scanning 
electron microscopy (SEM). For silicon membranes with buried oxide layers, the oxide as an 
etching stop was removed by HF (5 wt%). For membranes without buried oxide layers, the 
samples were cleaned by a Pirana cleaning process (H2SO4 + H2O2 with the ratio of 3:1 for 5 
minutes) to remove byproducts which would cloak the nanopores.   

 
 

 
 
 

Figure 3.3: Schematic diagram of the electrochemical etching setup used in the 
backside illumination method 
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   Figure 3.4: The experimental setup.  

 
3.3  Characterization 

 
A Zeiss Ultra 55 Gemini SEM was used for sample characterization. To check cross-sections, 
the samples were cleaved by a diamond pen in the center of the etched area  as shown in 
figure 3.5. For the bulk silicon samples, both top view and cross-sectional view were 
investigated. But for the membrane samples, mainly the frontside surface and the backside 
surface were investigated because it is hard to obtain clear cross-section images of the 
membrane samples from cleaving by a diamond pen due to their thinness. To investigate 
nanopores down to sub-10 nm in diameter, the magnification was adjusted up to 500k, and the 
brightness/contrast was adjusted manually to receive clear images. The ImageJ software was 
used for further image analysis to obtain statistics of the pitch distance and the diameters of 
the nanopore array. 

 
Figure 3.5: Schematic of sample preparation by cleaving to investigate cross-
sectional views of the etched samples 
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Chapter4 
 
Results and analysis 
 
In this chapter, the morphology and the yield of the etched pores will be discussed. First, 
etching results on bulk silicon samples by backside illumination and breakdown are presented 
and compared. Then results of nanopore formation on silicon membrane samples are 
discussed. 
 
4.1  Bulk silicon 

 
4.1.1 Etching by backside illumination 
 
First, eight samples of bulk silicon were etched with different bias and time according to table 
4.1. The surface of silicon in the etched area is smooth and inverted pyramidal structures are 
arranged and the etching pitch distance is 1.4 µm for all samples as in figure 4.1. The width of 
the SCR of each sample was approximately calculated along with applied bias and resistivity 
of the samples. The currents were regulated by the backside illumination by either the blue 
LED or the white LED as listed in table 4.1. However, for sample A1 and A2, the backside 
illumination was not able to affect the measured currents. Because of high dopant 
concentration in the silicon substrates, the rate of electron-hole recombination is so high that 
the excited holes cannot reach the silicon surface to assist the etching. The currents were kept 
constant by adjusting the intensity of the blue LED light in the range of 900-1800 mW at the 
back of the sample A3, A4, A5, and A7. The sample A8 was illuminated by the warm white 
LED with power in the range of 500-550 mW.  
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Figure 4.1: Clean surface image of silicon with inverted pyramidal arrays before etching 

 
Sample Resistivity 

(Ωcm) 
Bias 
(V) 

SCR 
(µm) 

Illumination Measured 
current 

(µA) 

Time 
(sec) 

A1 0.01-0.03 2 0.03-0.05 Blue 3.4 600 

A2 0.01-0.03 5 0.07-0.09 Blue 3000 600 

A3 20-40 0.1 0.8-1.1 Blue 0.14 3600 

A4 20-40 2 3-7 Blue 1 600 

A5 20-40 2 3-7 Blue 1 20 hrs 

A6 20-40 3.5 4-8 Blue 40 3600 

A7 20-40 7 7-10 Blue 100 3600 

A8 20-40 7 7-10 White 100 3600 
 
Table 4.1: Sample parameters for etching with backside illumination.  
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Figure 4.2: Top view SEM images of a typical electrochemically etched inverted 
pyramid on sample A1 (a) and sample A2 (b).  
 
For sample A1 with resistivity of 0.01-0.03 Ωcm (figure 4.2 a), the 2 V bias caused the whole 
silicon surface to form small pores with an average size of 10 nm. However, these pores were 
not etched deeply into the silicon, and there is no deep pore at the center of the etching pits on 
this sample. Due to the high dopant concentration, the resulting SCR at 2 V bias is around 30 
nm. The pores on the surface were most likely caused by holes available inside silicon, which 
were excited by thermal excitation beneath the surface. The blue LED illumination did not 
affect the measured current appreciably because holes excited by light recombined before 
they reached the surface and become involved in the anodic reaction. Moreover, the holes 
generated by thermal excitation would not be focused on the tips and would randomly spread 
to the whole surface. 
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A 5 V bias was also applied on the substrate with the same resistivity. As shown in figure 4.2 
b, the silicon surface became completely porous. The 5 V bias is high enough for this sample  
(0.01-0.03 Ωcm) to reach breakdown bias to etch the whole surface. With this bias, no pore 
was formed.   
 
In order to regulate the current by backside illumination, medium doped wafers (20-40 Ωcm) 
were used for the rest of the experiments on bulk silicon. To match the pitch distance, a bias 
of 0.1 V was applied on the sample A3. After 3600 seconds of etching, the surface on this 
sample was almost intact. No anodic reaction occurred because 0.1 V was not high enough to 
overcome the potential barrier.   
 

 
Figure 4.3:  The surface image (a) and the cross-sectional image (b) of sample A4.  
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Figure 4.4:  The surface image (a) and the cross-sectional image (b and c) of sample A5. 
 
A higher bias, 2 V, was applied on sample A4. As shown in figure 4.3, etching occurred 
inside the pit, but there was no deep pore formed. However, the sample A5 (figure 4.4) was 
subjected to the same parameters as A4 but the etching time was 20 hours instead of 10 
minutes. The pits were etched and some pits were etched to form relatively deep pores with 
circular shape with a radius of 1 µm although not every pit formed a pore. In figure 4.4 c, due 
to the surface passivation from overlapped SCR of neighboring pits, deep pores were formed 
at a distance around 10 µm which is about twice the width of the SCR.  
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Figure 4.5:  The surface image (a,c) and the cross-sectional image (b,d) of sample A6 and 
A7.  
 
When the bias further increased to 3.5 V and 7 V on sample A6 and A7 respectively, the 
etching pits just became U shaped for both samples as shown in figures 4.5 b and 4.4 d. When 
7 V was applied on sample A7, the measured current is higher than that on sample A6, which 
resulted in deeper etching of the silicon. Every etch pit in both samples were etched, but there 
were no small deep pores in these two samples.   
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Figure 4.6:  The surface image (a) and the cross-sectional image (b) of sample A8.  
 
To find the reason of the failure in pore formation on previous samples, a warm white LED 
was used for backside illumination instead of the blue LED, while the same bias, current, and 
etching time as sample A7 were applied on the sample A8. Several deep pores were observed 
from the cross-sectional view (figure 4.6 b) because white light penetrates the silicon 
substrate deeper than blue light does. More holes generated by white light from the backside 
of the substrates were able to reach the front silicon surface than the one generated by the blue 
LED. However, the yield of pores (a number of successfully formed pores per etch pit) is 
quite low. Pore diameters vary from 500 nm to 1 µm, and their shapes are different. Some 
pores are large and some are spiking.  
 
To summarize, the etching by backside illumination in bulk silicon was investigated and 
etching by backside illumination method on bulk silicon cannot produce promising 
nanopores. Some pores were etched by this method, but they were not smaller than 500 nm, 
and pores were formed randomly and impossible to control the yield of pore formation. This 
is mainly due to the mismatch of the SCR and the pitch distance. As can be seen in the 
simulation results (figure 4.7), the SCR from the surface extents around 7-10 µm into the 
silicon with 7V applied bias, essentially the whole surface is passivated, regardless of the 
etching pits (figure 4.7 b). The supplied holes from the backlight illumination cannot focus on 
each pit to assist etching. As a result, the deep pores were not formed in every pit. However, 
another approach is to etch by breakdown, whose mechanism has been explained in chapter 2, 
which does not depend on the surface passivation. Therefore, the experiments were continued 
with breakdown etching. The results will be discussed in the next part. 
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Figure 4.7:  (a) schematic of sample and (b) Simulation of the SCR at 7 V bias. 
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4.1.2  Etching by breakdown 
 
From the results of the backside illuminated samples, the pore diameters were not in the 
nanoscale and the occurrence of pores is low. Therefore, as an alternative method, bulk silicon 
samples were etched in dark with higher bias in the breakdown regime. In this part, a bias 
ranging from 10 V to 50 V were applied across the bulk samples with resistivity of 20-40 
Ωcm. The pore morphology, depths, and diameters at each bias were compared. An overview 
of the results is listed in table 4.2, and the corresponding images are shown in figure 4.9. 

 
Sample Bias 

(V) 
Time 
(sec) 

Diameter 
(nm) 

Depth 
(µm) 

Etching rate 
(nm/sec) 

B1 10 1200 22 11.69 9.74 
B2 20 600 80 5.8 9.67 
B3 40 600 40 7.8 13 
B4 50 600 61 11.35 18.9 

 
Table 4.2: Overview of breakdown results at different bias 

  
 
 
 

 

 
Figure 4.8: Top view of a sample etched by breakdown at 10V. 
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Figure 4.9: Cross-sectional images of pores at 10V (a), 20V (b), 40V(c), and 50V (d).  
 
As shown in figure 4.8, pores with diameters of ~50 nm were etched at the center of every 
etch pit at 10 V bias. At the end of the pores, diameters reduced to about 22 nm (figure 4.9 a). 
The pore walls were rough and spiking due to the nature of etching by electrical breakdown. 
When increasing the applied bias to 20 V, the diameters at the end of pores increased to     
~80 nm. In addition, the pore walls became more porous (figure 4.9 b). The spiking side pores 
were larger and more apparent than for etching at 10V bias. Because the geometry of the pore 
walls was cylindrical, the local electrical field reached breakdown regime at the pore walls 
around 20 V bias. As a result, the side pores are more porous comparing to the side pores at 
10 V bias, which only triggered breakdown at the pore tips. The pore sizes of samples etched 
under 40 V and 50 V were 40 nm and 60 nm respectively, with 100% pore yield. However, 
high bias, 40 V and 50 V, caused more spiking along the pore walls, as can be seen in figure 
4.9 c and d. It is noticeable that the spiking is more obvious. This agrees with the results 
according to the literature 12 that the increasing breakdown bias can degenerate the horizontal 
cross-sectional shape of the pores from a round to a dendritic shape.  
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4.1.3 Etching by breakdown combined with backside illumination 
 
In this part, the pore formation was initiated by breakdown etching and continued with 
etching by backside illumination at lower bias. As discussed previously, the mismatch of the 
SCR and the pitch distance is the main problem in etching by backside illumination. Holes, 
generated by backside illumination, could not be focused to the tips to form the pores due to 
SCR extending from the surface. However, the SCR, or depleted area, depends on the 
geometry of the interface between the semiconductor and the electrolyte. The higher the 
curvature is, the thinner the SCR will be. This phenomenon is strikingly apparent when the 
pore dimension scales down to nanometers. The SCR around the 60 nm cylinder pore wall is 
significantly thinner than that of a planar surface, as can be seen in the figure 4.10. To 
concentrate holes to the tips, the tip should be out of range of the planar surface SCR. Here, a 
50 V bias was used to etch the pores deep enough to avoid SCR of 10 V (the depth of the SCR 
at 10 V for planar surface is ~10 µm at this resistivity). Then, etching was carried out by 
backside illumination at 10 V. There are three samples for this part of the experiments to 
observe the effect of the SCR and backside illumination according to table 4.3. 
 

 
 
Figure 4.10: Simulation of the SCR from the planar surface at 10 V bias (a), the tips still 
in the SCR from the planar surface (b), and when the tips are out of range for the SCR 
extending from the planar surface (c). 
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Sample Pore depth by 
breakdown 

(µm) 

Illumination Measured 
current 

(µA) 

Time 
(sec) 

C1 5.5 Blue 100 300 
C2 11 Blue 100 300 
C3 11 - 70-80 (unstable) 300 

 
Table 4.3: Sample parameters for breakdown etching followed by backside illumination 
etching at 10 V.  
 
To observe the influence of the SCR from the planar surface on the pore etching, sample C1 
was etched by applying 50 V bias for 300 seconds to etch pores until a depth of 5.5 µm 
approximately. Then, the bias was changed to 10 V along with backside illumination of blue 
LED to keep the measured current at 100 µA for another 300 seconds. During the second step 
of etching, when the backside illumination is switched on, it is a combination of etching by 
breakdown and by illumination. As shown in figure 4.11, the diameters of pores were 
enlarged to 250nm (diameters of pores etched purely by breakdown are less than 100 nm) at 
the depth of 3 µm from the surface. The abrupt change of pore diameters was expected to start 
at a depth of 5.5µm because the etching with light assistance started at that depth; it seemed 
the holes generated by light participant in reactions both along the existing pore wall and 
downwards to form new pores. The shapes of pores were less spiking than the one etched 
purely by breakdown but were larger in diameter.  
 

 

 
Figure 4.11: Cross-sectional images of pores formed by breakdown etching followed by 
etching with backside illumination. The depths of pore initiated by breakdown are 
within the SCR extending from the surface. The zoomed in SEM shows the part of a 
pore which is µm below the surface. 
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Unlike sample C1, the pores of sample C2 started etching by a combination of breakdown and 
backside illumination at a depth below the SCR from the surface. A 50 V bias was applied on 
sample C2 for 600 seconds to initiate pores of a depth of 10µm, which is beyond the depth of 
the SCR from the planar surface. The applied bias was then reduced to 10 V bias combining 
with backside illumination for 300 seconds. As a result, the pores were spiking and had 
diameters of 22 nm at the depth of 11 µm, approximately, as shown in figure 4.12. The pores 
etched by combination of breakdown and backside illumination at the depth below the SCR 
from the surface were similar to the pores formed by breakdown at the same bias.  
 
The pore diameters on sample C2 is significantly smaller than the ones on sample C1 because 
holes, generated by illumination, focused only at pore tips when the initial pores are deeper 
than the SCR from the planar surface. At such depths, the SCR around the pore tips were not 
overlapping with the SCR from the surface, so that the holes generated at the rear part of the 
substrate could preferentially focus on the pore tips and etching proceeded downwards only. 
 
On sample C3, the conditions were applied as the same on the sample C2 except that there 
was no illumination at the backside of the sample. The influence of backside illumination on 
the pore formation beyond the planar surface of the SCR can be studied by comparing these 
two samples. There was no difference in pore size and shape between these 2 samples, but the 
etching rate of the sample with light assistance is higher than the one without light. The depth 
of etching by breakdown was only 2.5µm with etching rate of 8 nm/sec while the depth of 
etching by breakdown with light assistance was 4.5µm with etching rate of 15 nm/sec.  

 

 
Figure 4.12: Cross-sectional images of pores formed by etching by breakdown combined 
with backside illumination deeper depths than the SCR extending from the surface. 
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Figure 4.13: Cross-sectional images of pores formed by etching by breakdown only. 
 
4.1.4 Etching by multi-step breakdown 
 
In this part, pores were etched by breakdown with reduced bias in several steps. Starting with 
applying a 50 V bias for 600 seconds, followed by 10 V bias for 300 seconds and 5 V for 300 
seconds in the dark environment, straight nanopores were formed in every etching pit with 
reduced diameters. The regions of breakdown at 50 V, 10 V, and 5 V are shown in          
figure 4.14. The diameter of pores in 50 V, 10 V, and 5 V were 60 nm, 25 nm, and 8 nm 
respectively. Even though those pores were all spiking due to etching by breakdown, the 
lower breakdown bias caused less spiking. From the cross-sectional images, the diameters of 
pores obviously reduced at lower bias. According to previous experiment, the 50 V and 10 V 
biases were able to form pores with sizes of 60 nm and 22 nm respectively, whereas 5 V is not 
high enough to trigger breakdown in silicon on the initial structure. With breakdown etching 
at 10 V, the end of tips had smaller diameters which had higher curvature than the one at 50 
V. The smaller diameters at the tips triggered breakdown etching at 5 V due to the higher 
curvature. The breakdown mechanism depends on both applied bias and geometry. Pores with 
higher curvature need lower bias to reach the breakdown mechanism. Therefore, the 5 V bias 
was able to continue etching the pores by breakdown. A low bias can only cause breakdown 
on the very small part of the pore tips with the highest curvature; as a result, diameters of 
pores are smaller. The etching rates are around 17 nm/sec, 11 nm/sec, and 6 nm/sec at 50 V, 
10 V, and 5 V respectively. 
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Figure 4.14: Cross-sectional images of pores for which the applied bias was 50 V, 10 V, 
and 5 V consecutively. 
 
4.2 Silicon membrane 

 
In this part of the experiments, electrochemical etching was conducted on pre-patterned 
silicon membranes. The resistivity of the membranes was 5-20 Ωcm to match the SCR 
and the pitch distance. However, light absorption is low in a thin silicon membrane      
(2.5 µm in thickness) so that very few holes can be generated by illumination in a 
membrane. Moreover, when applying a reverse bias on the membrane, the whole 
membrane becomes depleted. Even if the membranes were able to absorb some of the 
light, no hole can be generated in the SCR because there is no mobile charges in the SCR. 
Therefore, etching of nanopores in silicon membranes by the backside illumination 
method is not chosen in this part. Instead, only etching by breakdown was used. Both 
silicon membranes with or without buried oxide were used in nanopore fabrication. 

 
4.2.1 Etching by breakdown 
 
Silicon membranes without the BOX layer were mounted in the etching cell similarly to the 
previous experiments for bulk silicon. There are 32 membranes per silicon chip. Those chips 
were applied with different bias and etching time as listed in table 4.4. 
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Sample Bias 

(V) 
Time 
(sec) 

M1 50 300 
M2 10 300 
M3 10 60 
M4 10 40 

           
         Table 4.4: Various bias and time for breakdown etching on silicon membranes. 
 

 
 

 
Figure 4.15: Top view images of membranes after applying 50 V on sample M1 (a) and 
10V on sample M2 (b) for 300 seconds  
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Starting by applying 50 V bias on sample M1, one of the membranes on sample M1 was 
investigated. Some part of the membrane was ruptured by this too high bias. Most pits were 
etched and 500 nm pores were formed by breakdown at 50 V bias as shown in figure 4.15 a. 
As a comparison, sample M2 was etched by a lower bias, 10 V. The membranes on M2 were 
not ruptured. Pores were formed but not uniform in diameter. Pore diameters varied from 50 
nm to 150 nm on this membrane (M2) as displayed in figure 4.15 b.  
 

 

 
Figure 4.16: Backside images of different membranes, on the same sample M2. Different 
shapes of pores were observed: round shape (a) and star-like shape (b). 
 
The backsides of different membranes on the same sample, M2, were investigated further. 
Not only pore diameters were varied but also the morphologies of pores were different as can 
be seen in figure 4.16.  According to the literature 12, the breakdown bias leads to 
degeneration of the pores from a round shape to star-like shape. In figure 4.16 a, the pores 
etched through the backside of a membrane on sample M2 had an almost round shape with 
diameters of ~75 nm. However, it seems there were small traces of spiking at the corners of 
the pores. While in figure 4.16 b, the pore diameters were around 120 nm and the star-like 
shape resulted from over-etching. From observation, both of the pores were etched by 
breakdown mechanism which leads to spiking in (110) directions. The pores in figure 4.16 b 
were probably developed from the pores which have similar shape as in figure 4.16 a. One 
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membrane was etched through quicker than the others, which lead to longer over-etching time 
after the etching through. This caused enlarged pores with star-like shape on that membrane.  
 

 
 
Figure 4.17: Backside of membranes etched by 10 V bias with different etching time: 
300 seconds on sample M2 (a), 60 seconds on sample M3 (b), and 40 seconds on sample 
M4 (c). 
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As shown in figure 4.17, applying 10 V bias on silicon membranes at different etching time of 
300 seconds, 60 seconds, and 40 seconds resulted in different pores.  There is no pore etching 
through the backside of membranes with 40-second etching time. For 60-second etching time, 
there is only one membrane out of 32 membranes on the sample M3 that forms circular pores 
with diameters of 145 nm through the backside.  For 300-second etching time, the results 
were mentioned earlier, which have both star and circle shape with various sizes of diameter.  
 
It seems difficult to control the uniformity of pores across the chip or even on the same 
membrane. When a pore is etched through a membrane, the etchant is able to flow through the 
pores. The anodic reaction seems accelerated, causing a higher etching rate. The etchant from 
the frontside reacted with the NaCl solution from the backside and created byproducts to 
cloak pores. From observation, not every pore was etched through the backside at the same 
time because of variation of concentration dopant in the silicon wafers and thickness 
variations of the membranes. Therefore, to obtain uniform pores, pore etching before 
removing the buried oxide was introduced. In figure 4.18, on the bulk silicon, nanopores were 
etched and then stopped by the buried oxide. The pores formed in the bulk are smaller (15 
nm) in diameters comparing to pores on the membranes. The next part is to investigate 
etching by breakdown on silicon membranes with buried oxide. 
 

 
Figure 4.18: Schematics and SEM images of difference in sizes of pores on a membrane 
and in the bulk surrounding membranes. 
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4.2.2 Etching with oxide layer 
 
In this part, the etching by breakdown was conducted before removing the buried oxide. 
Membranes of resistivity 1-5 Ωcm were used. Due to the high resistivity of the buried oxide 
underneath the silicon membranes, most voltage drop should be on the buried oxide layer. 
Higher bias was required to trigger a breakdown in the silicon layer. The pores were 
investigated after removing the buried oxide. It is assumed that after etching by breakdown 
the pores etch through the membranes and the buried oxide stops the etchant to react with the 
NaCl solution. As a result, the pores will not vary so much in diameter. Five samples of 
silicon membranes with buried oxide were etched at different bias and time according to   
table 4.5.  
 

Sample 
 

Bias 
(V) 

Time 
(sec) 

O1  60 60 
O2  10 120 
O3  10 180 
O4  10 360 
O5  5 360 

 
Table 4.5: Various bias and times for etching by breakdown on silicon membranes with 
buried oxide. 
 

 
Figure 4.19: Frontside and backside images of the ruptured membrane of sample O1 
after applied 60 V for 60 seconds. 
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Figure 4.20: Backside of other membranes of sample O1. 
 
A 60 V bias was applied for 60 seconds on the membranes with buried oxide and broke one 
membrane as shown in figure 4.19. Even though the buried oxide supported the membrane 
during the etching, the rupture of the membrane still occurred. The reason of rupture was 
possibly from mismatch between the device layer and the buried oxide layer in this area of 
membrane. A 60 V bias was high enough potential to break the membrane along with the 
oxide. The rest membranes on the same sample were not broken and nanopores with diameter 
sizes of 300 nm were formed on these membranes. As shown in figure 4.20, the diameters of 
the pores did not vary as much as the pores in previous membranes that were etched by 
breakdown without buried oxide. However, there were etching traces caused by spiking pores 
on the backside surface around the pores along the (110) direction, which proves etching by 
the breakdown mechanism.     
 

 

 
 
Figure 4.21: Frontside images of a membrane of sample O2 after applied 10 V for 120 
seconds  
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Figure 4.22: Backside of a membrane of sample O2, O3, and O4 after applied 10 V for 
120 seconds (a), 180 seconds (b), and 360 seconds (c). 
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Figure 4.23: Histogram of pore diameter with etching time of 180 seconds (a) and 360 
seconds (b). 

 
Etching by breakdown at 10 V bias on silicon membranes with buried oxide was observed at 
different etching times. After etching for 120 seconds, pores with a size of 11 nm were 
formed at the centers of inverted pyramids as shown in a top view from the frontside of the 
membranes in figure 4.21. However, the pores were not etched through the backside as shown 
in figure 4.22 a. By increasing the etching time to 180 seconds and 360 seconds, the pores 
were etched through the membranes with average diameters of 18 nm and 27 nm, 
respectively, as shown in figure 4.22 b and 4.22 c. After pore etching through the membranes, 
the etching time affects both pore diameter and morphology as etching by breakdown on 
silicon membrane without buried oxide. The traces of spiking around the pores on the 
backside surface are more obvious when the etching time is longer. However, the morphology 
of pores was not developed to be star-like shape. Moreover, pore diameters did not vary as 
much as the pores etched by breakdown on silicon membranes without the buried oxide. In 
figure 4.23, the histograms of pore diameters show that longer etching time enlarges pore 
diameters.  
 
A 5 V bias was applied on the sample O5 for 360 seconds, but there was no pore formed on 
the frontside of membranes, which implies that the 5 V bias is not high enough to reach the 
breakdown regime for these membranes. However, one more sample, O6, was conducted in 
this experiment. The sample O6 was applied the same parameters as sample O2 were applied, 
which formed pores but not etching through the membranes. After an applied 10 V bias for 
120 seconds, a 5 V bias, which was not able to etch this membrane by the breakdown 
mechanism, was applied for 120 seconds. Due to multi-step breakdown mentioned in the 
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previous part on bulk silicon, pores were etched through the membranes as shown in       
figure 4.24. The pores were assumed to have smaller diameter than the pores of sample O3 
due to the multistep breakdown mechanism, but the average diameters of pores of sample O6 
were 21 nm as shown in figure 4.25. It might be that the pores were etched almost through the 
membranes after etching at 10 V bias for 120 seconds, and then the 5 V bias was etching 
through in a few seconds and kept etching and enlarged the pore diameters.  
          

 
Figure 4.24: Backside of a membrane of sample O6 after applied 10 V for 120 following 
by 5 V for 120 seconds. 
 

 
Figure 4.25: The histogram of pore diameter of sample O6. 
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Chapter 5 
 
Conclusions 
 
Starting from electrochemical etching on pre-patterned bulk silicon with backside 
illumination, deep pores with diameters from 500 nm to 1 µm have been randomly fabricated 
in some of the etching pits. No sub-100 nm pore was observed in samples etched by the 
backside illumination method. Instead, etching by breakdown was used to form nanopore 
arrays. The yield of pore formation is almost 100%. The range of pore diameters by 
breakdown is from 20 nm to 80 nm using a breakdown bias from 10 V to 60 V. Morphology 
studies of such pores show that the number of the spiking pores is dependent on the applied 
bias. The combination of etching by backside illumination and breakdown also formed 
nanopore arrays. Moreover, it has been found that the depth of the SCR from the surface can 
affect the morphology of pores. When initial pores were within the SCR formed by the planar 
surface, the supplied holes by backside illumination enlarged the pore diameters by etching 
pore walls. However, backside illumination did not cause any enlargement of the pores but 
accelerated the etching rate of breakdown when initial pores exceeded the depth of SCR from 
the surface. This can be attributed to a significant difference in the depths of the SCR formed 
on the planar surface and a highly curved semi-spherical pore tip, which allows photo-
generated holes to preferably focus to the pore tips. Arrays of nanopores with diameters as 
small as 8 nm have been formed by tuning the applied bias from 50 V to 5 V consecutively. 
Though 5 V cannot trigger breakdown on the initial inverted pyramidal structure in silicon, it 
is enough to cause breakdown on the etched pore tips, which have higher curvature. 60 nm 
diameter pores were formed at the opening and shrunk down to 20 nm and further to ~8 nm at 
the tips due to very limited area on the pore tips that have high enough curvature to allow 
breakdown happen at reduced bias. Even though nanopores are spiking by breakdown 
etching, the pores with smaller diameters seem less spiking than the one with larger 
diameters. 
 
Nanopore arrays on 2.5 µm thick silicon membranes with inverted pyramid patterns were also 
etched by breakdown. However, after the nanopores were etched through the membrane, 
those pores were enlarged rapidly even in a very short period of over etching. Over-etching 
also makes pores to significantly vary in size. Therefore, 1-5 Ωcm silicon membranes with 0.5 
µm thick buried oxide remaining on the backside were etched by a 10 V breakdown bias. The 
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buried oxide layer was then removed after the electrochemical etching. The buried oxide layer 
was used as an etch stop layer while preventing HF to react with the NaCl solution. When 
pores were etched through the membrane, pores were not enlarged. Pores with diameters of 
18±4 nm were formed in every etching pit. Further, the pore diameters can be enlarged 
uniformly in a controllable way by extending the etching time. 
  
Even though the 18 nm nanopores on silicon membranes are not small enough for DNA 
sequencing which requires sub-5 nm nanopores. They can possibly be used for protein 
detection, which has a lower requirement on pore size. This work demonstrated that 
electrochemical etching is a promising method for nanopore array fabrication. Further 
research might reach to sub 10-nm diameter.  
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