
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Silicon infrared photodetector using sub-bandgap transitions

Permalink
https://escholarship.org/uc/item/2jc650pf

Author
Kim, HongKwon

Publication Date
2011
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2jc650pf
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 
 

 
 

Silicon Infrared Photodetector  
Using Sub-bandgap Transitions 

 
 
 

A dissertation submitted in partial satisfaction of the requirements  
for the degree Doctor of Philosophy 

 
 

in 
 

 
Electrical Engineering (Applied Physics) 

 
 

by 
 
 

HongKwon Kim 
 
 
 
 
 
 

 
 
 

Committee in charge: 
 

Professor Yu-Hwa Lo, Chair 
Professor Jennifer Cha  
Professor Chung-Kuan Cheng 
Professor Yuan Taur  
Professor Jie Xiang 
 
 

2011 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright 
 

HongKwon Kim, 2011 
 

All rights reserved. 
 
  



iii 

 

 

 

The Dissertation of HongKwon Kim is approved, and it is acceptable in quality 

and form for publication on microfilm and electronically: 

 

_________________________________________________ 
 
 

_________________________________________________ 
 
 

_________________________________________________ 
 
 

_________________________________________________ 
 
 

_________________________________________________ 
Chair 

 
 
 

University of California, San Diego 
 

2011 



iv 

DEDICATION 

 

 

 

 

 

 

To my family,  

without whom this dissertation would not be possible. 

 



v 

TABLE OF CONTENTS 

Signature Page ...........................................................................................   iii 

Dedication ..................................................................................................... iv 

Table of Contents ........................................................................................   v 

List of Figures ...........................................................................................   viii 

List of Tables .............................................................................................   xii 

Acknowledgements .................................................................................... xiii  

Vita ............................................................................................................... xvi 

Abstract of Dissertation ............................................................................ xvii 

 

Chapter 1 Introduction .............................................................................. 1 

1.1 Background Review ................................................................... 1 

1.2 IR Photodetectors ...................................................................... 3 

1.2.1 Photodetector Devices .................................................... 3 

1.2.2 IR Detectors .................................................................... 5 

1.3 Nanowire Photodetectors ........................................................... 9 

1.4 Outline of Dissertation .............................................................. 13 

References  ......................................................................................... 16 

Chapter 2 Silicon Nanowire Photoconductor Using Surface State 

Effects  ....................................................................................  22 

2.1 Introduction .............................................................................. 22 

2.2 Photoconductor ........................................................................ 22 



vi 

2.3 Nanowire Photoconductor using Surface State Effects ............ 26 

2.4 Design of Silicon Nanowire Photoconductor ............................ 31 

2.5 Band to Surface State Transitions for IR Detection .................. 35 

2.6 Conclusion ............................................................................... 36 

References  ....................................................................................... 38 

Chapter 3 Process for the Fabrication of Silicon Nanowire ................ 40 

3.1 Introduction .............................................................................. 40 

3.2 Nanoimprint Lithography .......................................................... 41 

3.2.1 Preparing the Master Mold ............................................ 42 

3.2.2 Preparing Quartz Molds ................................................ 43 

3.2.3 Preparing Imprinted Samples  ....................................... 46 

3.3 Fabrication of Vertical Silicon Nanowire Detector .................... 48 

3.4 Process Improvement and Integration Flow ............................. 50 

3.4.1 Filling the Space Between Nanowires with PDMS ........ 50 

3.4.2 UV NIL for Small Size Substrates.................................. 52 

3.4.3 Patterning on PDMS Layer ............................................ 55 

3.5 Core Shell Structure ................................................................. 57 

3.5.1 Operational Mechanism of Core Shell Nanowire Detector

 ..................................................................................... 58 

3.5.2 Simulation Results......................................................... 61 

3.5.3 Doping Process for Fabrication of Core Shell Silicon 

Nanowire ...................................................................... 64 



vii 

3.6 Conclusion ............................................................................... 66 

References  ......................................................................................... 68 

Chapter 4 Device Performance of the Silicon Nanowire at IR 

Wavelengths ........................................................................... 69 

4.1 Introduction .............................................................................. 69 

4.2 DC I-V Characteristics of Silicon Nanowire under IR Light....... 69 

4.3 Photoresponsivity with Varying Operational Temperature ....... 72 

4.4 IR and Visible Responsivity Characteristics ............................. 75 

4.5 Conclusion ............................................................................... 76 

References  ....................................................................................... 78 

Chapter 5 Silicon IR Detector Using Sub-bandgap Transitions .......... 79 

5.1 Introduction .............................................................................. 79 

5.2 Sub-bandgap Transition ........................................................... 80 

5.3 Absorption Coefficient Model ................................................... 82 

5.4 Simulation Results ................................................................... 87 

5.5 Absorption Coefficient Measurement Results .......................... 93 

5.6 Conclusion ............................................................................... 97 

References  ....................................................................................... 99 

Chapter 6 Conclusion ........................................................................... 100 

6.1 Conclusion ............................................................................ 100 

6.2 Future Work .......................................................................... 103 

References  ..................................................................................... 106 



viii 

LIST OF FIGURES 

Figure 2.1: Energy band diagram (a) direct bandgap (b) indirect bandgap. . 23 
 
Figure 2.2: Diagram of a photoconductor. Incident light generates excess 
electrons and holes which under an applied bias create a current in the 
material. ........................................................................................................ 24 
 
Figure 2.3: Diagram of phototransistive process. (a) Surface states cause 
mobile carriers to be trapped at the surface, causing the nanowire body to be 
depleted, a radial electric field, and bandbending. (b) When light is absorbed, 
electrons and holes are generated. Photons with energy greater than the 
bandgap will create…  ................................................................................... 28 
 
Figure 2.4: Diagram of important terms in a nanowire phototransistor.  These 
terms include: total number of free holes (), free electrons (݊), and trapped 
holes(௧), capture time by a surface state for holes(߬) and electrons (߬),hole 
escape time(߬), and the transit times for holes (ݐ௧) and electrons (ݐ௧). ....... 29 
 
Figure 2.5: Nanowire energy band diagram with different nanowire diameters. 
(a) The depletion length is longer than the radius of the wire. (b) The depletion 
length is the same as the radius of the wire. (c) The depletion length is shorter 
than the radius of the wire.  ........................................................................... 32 
 
Figure 2.6: (a) Diagram of band structure along a radial slice of nanowire with 
varying doping concentration. The surface state density is held constant at 
5x1010 cm-2. (b) Simulation results of gain vs. nanowire doping with varying 
surface state density. Nanowire structure is 100 nm in radius. ..................... 33 
   
Figure 2.7: Diagram of band to surface transition of sub-bandgap light: (a) 
Under steady state, the nanowire is fully depleted and a built-in field exists in 
the radial direction. (b) By illuminating light on the device, the generated 
electrons are trapped in the charged surface states. (c) The generated holes 
are… ............................................................................................................. 36 
 
Figure 3.1: Nanoimprint lithography process flow. ........................................ 42 
 
Figure 3.2: Process of making a quartz working mold: (a) coating under-layer 
and uv-layer PR on a blank quartz plate (b) imprinting the quartz plate with the 
silicon master mold (c) the quartz plate after imprinting (d) RIE etching of the 
UV-layer residue (e) RIE etching of the under-layer and Cr deposition on the 
quartz plate… ................................................................................................ 45 
 



ix 

Figure 3.3: Under-layer and uv-layer etching rates under (a) uv-layer condition 
(b) under-layer condition: Measured with ellipsometer and Filmatrix.  ........... 46 
 
Figure 3.4: SEM image of 70nm thick Ni dot patterns on a p+/p-/p+ silicon 
substrate obtained by nano imprint lithography. The inset shows that the 
diameter and pitch of Ni dots in SEM image are 200nm and 1um, respectively.
  ..................................................................................................................... 47 
 
Figure 3.5: SEM image of silicon nanowires obtained by SF6:C4F8 ICP/RIE 
etching with an Ni mask in the defined device area. The inset shows that the 
vertical nanowires are 4um high and 200 nm in diameter.  ........................... 47 
 
Figure 3.6: Fabrication steps of vertical silicon nanowire detectors from the 
dot patterned silicon substrate and SEM images. (a) the dot patterned silicon 
substrate using NIL (b) silicon etching after defining device area (c) coating 
device with filling material (d) etching filling material to expose Ni top 
electrode… .................................................................................................... 49 
 
Figure 3.7: SEM images of the sample after PDMS filling/curing and etching 
until nanowires were exposed.  ..................................................................... 52 
 
Figure 3.8: (a) Plate structure during standard UV NIL process. (b) (c) (d) 
Plate structures during the imprinting process of  a small size substrate: (b) the 
substrate & the additional module placement before imprinting, (c) creating a 
temporary chamber, (d) pressing the substrate against the quartz plate 
through the film.  ............................................................................................ 53 
 
Figure 3.9: The optical images of the results of UV NIL on a small size 
substrate. (a) The small size silicon master mold. (b) The result after the 
quartz plate is imprinted with the master mold in (a).  ................................... 54 
 
Figure 3.10: The revised process flow for the fabrication of vertical silicon 
nanowire detector arrays. .............................................................................. 57 
 
Figure 3.11: Energy band diagram of core shell structure silicon nanowire: (a) 
under light off status at low temperature, (b) under light on status at low 
temperature, (c) light off status at room temperature. ................................... 58 
 
Figure 3.12: Transitions in core shell structure nanowire (a) band to band 
transition in core layer (b) transition between valance band in core to 
conduction band in shell. ............................................................................... 60 
 
Figure 3.13: Core shell nanowire structure and dimension for the device 
simulation.  ..................................................................................................... 61 



x 

 
Figure 3.14: Simulation gain results of core shell nanowire with varying core p 
doping and n doping concentration (a), and surface density states (b). ........ 62 
 
Figure 3.15: Simulation results on primary dark current with varying shell 
doping concentration. .................................................................................... 63 
 
Figure 3.16: RTA annealing temperature vs. dosage density.  ..................... 65 
 
Figure 4.1: Current vs. bias voltage of a 10*10 vertical silicon nanowire array 
with varying incident light power at 130K. ..................................................... 71 
 
Figure 4.2: Dependence of photoresponsivity to 1550 nm light on the incident 
optical power. The exceedingly high responsivity (> 100 A/W) is due to high 
phototransistive gain. The magnitude of gain depends on both the incident 
optical power and the temperature.  .............................................................. 72 
 
Figure 4.3: Schematic illustration of the temperature dependent gain at high 
and low temperatures. (a) shows the nanowire structure. (b) is energy band 
diagram in the A-A` direction. At high temperature, the probability of holes 
overcoming the radial potential barrier (φ1) increases. (c) shows energy band 
diagram…  ..................................................................................................... 74 
 
Figure 4.4: Photocurrent vs. incident light power under visible (635nm) and IR 
(1550nm) light at varying temperatures. Solid lines and dash lines are 
measurement data under 1550nm IR light and 635nm visible light.  ............. 75 
 
Figure 5.1: (a) Band diagram under high electric field. (b) Wave functions in 
the confined p/n nanostructure. ..................................................................... 80 
 
Figure 5.2: Device structure for modeling absorption coefficient of highly 
doped p/n junction silicon device. .................................................................. 82 
 
Figure 5.3: Energy band diagram with the concentrated impurity states. ..... 90 
 
Figure 5.4: Absorption coefficient calculation results of equations 5.25 and 
5.27. (a) Varying reverse bias (n/p doping concentration: 1e19/cm3 /1e19/cm3). 
(b) Varying doping concentration at -2 V.  ..................................................... 91 
 
Figure 5.5: Absorption coefficient (at 1310nm) and tunneling current density 
variation as the co-doped layer thickness increases. Doping concentration of 
n/p layers are 6X1018/cm3 /6X1018/cm3 and reverse bias is -2V.  .................. 92 
 



xi 

Figure 5.6: Absorption coefficient analysis model from the measured 
photocurrent.  ................................................................................................. 93 
 
Figure 5.7: Absorption coefficient measurement results. Doping concentration 
of the simulated device is 1019/cm3 /1019/cm3 (n+/p+) and under zero bias. Blue 
marks show the case without a co-doped region and brown marks show the 
case with a 20nm co-doped region in the depletion layer.  ............................ 96 
 
  



xii 

LIST OF TABLES 

Table 3.1: UV-layer and under layer RIE etching conditions. ........................ 45 
 
Table 3.2: PDMS RIE etching conditions.  .................................................... 52 



xiii 

ACKNOWLEDGEMENTS 

First of all, I would like to thank my advisor, Prof. Yu-Hwa Lo, for his 

guide while obtaining my Ph. D. I would like to thank him for his continuous 

encouragement and enlightening advice over the course of my last four years 

of research in his group. I also thank Prof. Lo for giving me the opportunity to 

explore semiconductor device theory and fabrication process.  

I would also like to thank all the committee members, Prof. Jennifer 

Cha, Prof. Chung-Kuan Cheng, Prof. Yuan Taur, and Prof. Jie Xiang for taking 

the time to serve on my committee and giving me their valuable advice. 

I would also like to thank all my colleagues of Prof. Lo’s research group. 

I need to thank my predecessor, Dr. Arthur Zhang. He provided me not only 

with much guidance when I entered Prof. Lo’s research group but also many 

discussions on my research and graduate life in general. I also need to thank 

James Cheng for providing me his experience related to device fabrication and 

discussions on my research. I would like to thank Hasan Faraby, Yuchun 

Zhou, and Yu-Hsin Liu for their collaboration with me on device modeling and 

fabrication. I would also like to thank Sifang You, Samia Rahman, Wen Qiao, 

Tsung-Fong Wu, Dr. Sunghwan Cho, Dr. Randy Chen, Dr. Frank S. Tsai, Dr. 

Shawn Meade and the rest of the lab for their friendship and support 

throughout my time at UC San Diego.   

My research would not have been possible without Nano3 clean room 

staff including Dr. Bernd Fruhberger, Dr. Xuekun Lu, Dr. Maribel Montero, 



xiv 

Larry Grissom, Ryan Anderson and Sean Parks. I would like to thank their 

endeavor in maintaining the Nano3 clean room facilities at its best and for 

sharing their knowledge and experience of fabrication process. Dr. Xuekun Lu 

spent enormous time to setup the nanoimprint lithography process with me. 

His knowledge and assistance were very helpful for my research.  

I would also like to thank Samsung SMD for their financial support 

during my Ph. D program. Their supports made it possible for me to focus on 

my research.   

Lastly, I would like to thank my parents, my wife, and my beloved 

daughter. They have always believed in me and helped me get through any 

hard times I had during my entire graduate career. I thank my parents for their 

love, support, sacrifice, and trust throughout my entire life. They have always 

encouraged my pursuits, and provide me their advice in life. I specially thank 

my dear wife, Seongjae Kim, and lovely daughter, Kyoomin Kim. It is needless 

to say I could not have done my accomplishments without their devotion, 

support, and love. 

  



xv 

Portions of Chapter 2 and 4 have been published in Nano Letters 2010.  

Zhang, Arthur*; Kim, Hongkwon*; Cheng, James; Lo, Yu-Hwa, American 

Chemical Society, 2010.  The dissertation author was the primary investigator 

and author of this paper. 

Portions of Chapter 3 have been published in the Proceedings of SPIE 

2010. Kim, Hongkwon; Zhang, Arthur; Lo, Yu-Hwa, SPIE, 2010.  The 

dissertation author was the primary investigator and author of this paper. 

Portions of Chapter 4 have been published in the Proceedings of SPIE 

2010. Kim, Hongkwon; Zhang, Arthur; Cheng, James; Lo, Yu-Hwa, SPIE, 

2010.  The dissertation author was the primary investigator and author of this 

paper. 



xvi 

VITA 

1994 Bachelor of Science in Electronics Engineering 
Pusan National University, Pusan, Korea 

 
1996 Master of Science in Electronics Engineering  

Pusan National University, Pusan, Korea 
 
1996-2006 Senior Engineer, Corporate R&D Center 

Samsung SDI, Korea 
 
2011 Doctor of Philosophy in Electrical  Engineering (Applied Physics) 

University of California, San Diego 
San Diego, California 
 

 

PUBLICATIONS 

Zhang, A.*, Kim, H.*, Cheng, J., Lo, Y. “Ultra-High Responsivity Visible and 
Infrared Detection Using Silicon Nanowire Phototransistors.” Nano Lett, vol. 
10, pp. 2117-2120, 2010. 
 
Kim, H., Zhang, A., Cheng, J., Lo, Y. “High-sensitivity visible and IR(1550nm) 
Si nanowire photodetectors,” Proc. SPIE, vol. 7608, 76082F, Jan. 2010. 
 
Kim, H., Zhang, A, Lo, Y. “Fabrication of Vertical silicon nanowire 
Photodetector Arrays using Nanoimprint Lithography,” Proc. SPIE, vol. 7591, 
759106, Jan. 2010. 
 
Zhang, A., Cheng, J., Kim, H., Liu, Y., Lo, Y. “Characterization and Physics of 
Top-Down Silicon Nanowire Phototransistors”, Proc. SPIE, vol. 7608, 76081D, 
Jan. 2010. 
 
Soci, C., Zhang, A., Bao, X.Y., Kim, H., Lo, Y., Wang, D. “Nanowire 
Photodetectors.” J. Nanoscience and Nanotechnology, vol. 10, pp. 1430-1449, 
2010. 

  



xvii 

 

 

ABSTRACT OF DISSERTATION 

 

Silicon Infrared Photodetector 

Using Sub-bandgap Transitions 

 

by 

 

HongKwon Kim 

 

Doctor of Philosophy in Electrical Engineering (Applied Physics) 
University of California, San Diego, 2011 

 

Professor Yu-Hwa Lo, Chair 

 

 

This dissertation details the use of silicon as near-infrared 

photodetectors based on two different optical sub-bandgap transition 

mechanisms: band to surface state transition and band to sub-bandgap 

transition. For maximizing these effects and realizing ultra-high resolution 

imager arrays, a vertical nanowire structure is used. Nanoimprinting 
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Lithography (NIL) is used to practically obtain nano-scaled patterns on a large 

area. 

In the case of band to surface state transitions, vertical silicon nanowire 

arrays have been fabricated through the use of UV NIL and conventional 

etching technology. They have an ability to detect pico watts level of light per 

nanowire at 1550nm IR light and a femto watt level at 635nm visible light. 

Their broad band detection spectrum and high sensitivity arise from the high 

surface to volume ratio. The high surface to volume ratio induces a built-in 

field in the radial direction, which confines the carriers in the core of the wire 

and substantially increases the lifetime of the confined carriers. These effects 

allow us to obtain a responsivity of 100A/W per nanowire to 1550nm light at 

170K. 

Measurement results of our silicon nanowire arrays also show the 

limitation for the application of commercial products due to the high dark 

current at room temperature and the surface state uncertainty. Thus, we 

propose a core shell structure which frees the device characteristics from 

surface state effects while enormously enhancing the gain and reducing the 

dark current. IR detection in core shell nanowires can also occur by sub-

bandgap transitions. To validate the core shell structure for the detection of IR 

wavelengths, the absorption coefficient model by sub-bandgap transition is 

proposed. To enhance absorption coefficients at IR wavelengths, the Franz-

Keldysh effect, the spatial confinement effect, and the impurity state and 
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quasi-2D state transition are considered in our physical model. To validate our 

proposed model, we also provide the method to measure the absorption 

coefficient value using a lossy medium model. The measured value is close to 

the simulation results, with an absorption coefficient of 10/cm at 1480nm. 

These model and measurement results are very beneficial in designing high 

responsivity silicon IR detectors.  
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Chapter 1 

Introduction 

 

1.1 Background Review 

Photodetectors are essential components in many electronic systems. 

They absorb the photon energy and output a signal resulting from the 

absorption process. Since the absorption occurs when the photon energy is 

higher than the bandgap energy of the material, the absorption spectrum 

depends on the material properties of the device.  For example, single crystal 

silicon has been widely used for detection at visible wavelengths. Charge 

Coupled Device (CCD) and Complementary Metal Oxide Silicon (CMOS) 

sensor imagers are representative commercial products using silicon 

material1-3. Both devices use the bulk properties of silicon for photodetection 

so that the detection spectral ranges are limited at near Infrared (IR). Thus, 

low bandgap material is generally needed for the detection of IR light. 

IR light detectors are important to capture the phenomenon occurring in 

the invisible regime and there are many commercial products using those 

effects. They are found in a large range of applications, from general 

commercial electronics, such as remote controllers used in TV and DVD 

players, to high specified research tools. In the past decades, the optical 

communication field has been leading the technological development of IR 

photodetectors since maximum optical fiber efficiency is at IR wavelengths4-5. 
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However, its potential has lead to wide-spread applications in various fields 

such as bio medical equipments6-8, geography, astronomy 8-10, and so forth8. 

Thus, various requirements arise for the future of IR photodetectors. 

Generally, for the detection of IR light, low band gap materials such as 

Germanium (Ge) and Indium gallium arsenide (InGaAs) have been used. 

Those material devices have shown good signal to noise performance and fast 

response. However, to obtain good characteristics, cooling systems are 

required to reduce the dark current. Additionally, those materials are hard to 

integrate with the conventional CMOS circuit on a single substrate. Specially, 

for imager arrays, each detector pixel requires an additional peripheral circuit 

around the detector area. For this reason, IR photodetectors based on low 

bandgap materials have limitations for the application of high resolution and 

sensitive IR imager arrays. 

Considering the background presented above, nanowires are one of the 

promising device structures for future photodetectors. Specially, silicon 

nanowire photodetectors are attractive for high sensitivity light detection, while 

also having very high pixel density, and the ability to integrate with CMOS 

technology. Additionally, the geometry of these vertical devices guide incident 

light into the structures, leading to enhanced absorption efficiency. Ultimately, 

this technology allows us to realize a giga number of pixel addressable imager 

array. Thus, the research topics of this thesis cover methods to overcome the 

obstacles of the silicon material for the detection of IR wavelength light using a 
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nanowire photodetector structure, the characterization results of the fabricated 

devices based on our idea, and the future direction for commercializing our 

devices. Before presenting the details of this research, we present a brief 

review of IR photodetectors and the previous advances in the field of nanowire 

photodetectors.  

 

1.2 IR Photodetectors 

IR photodetectors are generally created using low bandgap materials 

for the detection of long wavelength light. Group III-V materials (InGaAs and 

InSb), group II-V materials (HgCdTe), and group IV materials (Ge) are 

generally used. Before looking over the characteristics of IR detectors, we will 

first briefly review photodetector device types. 

 

1.2.1 Photodetector Devices 

Photodetectors are applied for the detection of light and there are three 

types of devices made of semiconductors: photoconductors, p/i/n photodiodes, 

and avalanche photodiodes. Photoconductors are the simplest devices which 

consist of a slab of semiconductor and two ohmic contacts. The device gain is 

characterized by the ratio of the minority carrier life time to the transit time. 

This characterized equation on photoconductors is discussed in Chapter 2 in 

more detail. For high gain, long life time material is preferable but this property 

also decreases the speed (or frequency) of the device. Since the gain and the 



4 
 

bandwidth are physically linked to each other, both terms cannot be optimized 

simultaneously. Although the photoconductors have a gain and the simplest 

device structure, the overall performance of the devices is inferior to the p/i/n 

photodiode or avalanche photodiodes due to the high dark current. 

 The p/i/n diodes have a thick intrinsic layer between heavily doped n+ 

and p+ layers.  Reversed bias is applied to the device during the operation so 

that the intrinsic layer is completely depleted. By illuminating light on the 

device, carriers are generated in the depletion layer and will be separated by 

the electric field, producing the photocurrent. When neglecting recombination 

in the depletion layer under the reverse bias, all generated electrons and holes 

are collected and the efficiency of the device can approach 100 percent by 

controlling the thickness of n and p layers. The response time of the device is 

limited by the carrier transport time. Generated carriers in the depletion region 

are drifted under the reverse bias and diffused in n and p layers. Since the 

latter process is slower than the former, a wide intrinsic layer is preferable but 

there are conflicting requirements in deciding the intrinsic layer width. A wide 

intrinsic layer reduces the electric field whereas a thin layer increases the 

junction capacitance, which leads to a decrease in the transport time. Thus, a 

compromise is to have a transit time equal to one-half the modulation period of 

the optical signal. Since the p/i/n photodiodes have a good noise performance 

due to the low dark current, they have been popularly used in the practical 

optical communication field4. 
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Avalanche photodiodes (APDs) are similar to the p/i/n photodiode 

except for the much larger reverse bias voltage used to cause avalanche 

multiplication of carriers. Under the high field, carriers hold sufficient kinetic 

energy to overcome the bandgap of the material, which leads to impact 

ionization and carrier multiplication. The multiplication factor is given by the 

empirical relation 

푀 = 1 − (1-1) 

where IR is the ohmic drop, is the breakdown voltage, and n is the material 

constant. Since impact ionization is random, it gives rise to current fluctuation 

and noise. For long wavelength application, absorption and multiplication 

layers are separated to reduce the leakage dark current. Carriers are 

generated in the absorption layer made of a narrow bandgap material and 

introduced to the multiplication layer made of a wide bandgap material. Within 

the multiplication layer, the carriers experience avalanche multiplication by 

impact ionization. For example, InGaAs and InP are used for narrow and wide 

bandgap materials, respectively. A grading layer of InGaAsP is inserted 

between them to reduce carrier trapping at the interface5. 

 

1.2.2 IR Detectors 

IR detectors are divided into photo and thermal detectors by the 

operating principle. The photodetectors use optical transitions by the 

absorption of IR light and electron and hole pairs are generated, which lead to 
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the change of the electrical properties in the device. In contrast, the thermal 

detectors use the change of temperature of the material by the absorption of 

IR radiation, which also lead to the change of electrical properties. Although 

recent thermal detectors have been developed for commercial products, they 

are slow and less sensitive than photodetectors8. Thus, we will review 

photodetectors here. 

In view of fabricating IR Focal Plane Arrays (FPAs), they can be 

classified as one of two fabrication methods: monolithic or hybrid. In the 

monolithic method, addressing circuits are fabricated in the detector material 

itself. Thus, the application of low bandgap material to monolithic method for 

IR detector arrays is still not practical due to difficulty in fabricating the 

integrated circuits on the low bandgap material substrate. The hybrid method 

has the addressing circuit fabricated on a different substrate and assembled 

with the detector part through flip-chip bonding. This method has the 

advantage of optimizing the detector part and increasing the fill factor almost 

to 100 percent. Most of III-V and II-VI group material IR detector arrays 

introduced below use the hybrid method. The following are the characteristics 

of IR detectors currently used depending on the different materials. 

InGaAs photodiodes have been used in optical communication due to 

their high-speed, low noise devices4,5. By changing the alloy composition of 

the absorption layer, the photodetector responsivity can be maximized at the 

desired wavelength. As explained earlier, this material is used with an InP 
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layer to reduce the dark current and a grading layer of InGaAsP between 

InGaAs and InP to reduce carrier trapping at the interface5. The InGaAs 

detector’s active material is deposited onto a substrate using MOCVD 

techniques adjusted for thickness, background doping, and other 

requirements. Planar technology is widely used because of its simple structure 

and processing as well as the high reliability and low cost. Imager arrays have 

been fabricated for environmental sensing applications. However, typical 

cameras have a very low resolution10. 

InSb photodiodes have the ability to detect near IR wavelengths 

(1~5um). They have been widely used for ground-based IR astronomy and for 

infrared telescope applications. They are generally fabricated by impurity 

diffusion and ion implantation. InSb photodiode technology is used for a wide 

variety of linear and FPAs11,12. The quantum efficiency in InSb photodiodes is 

optimized for around 120 K and is unaffected up to 160K. Since the detector 

material is thinned to under 10um, high resolution imager array is possible 

using passivation and hybrid method to a readout chip. 

HgCdTe photodiodes are available to cover the spectral range from 1 to 

20um. Spectral cutoff frequencies are controlled by adjusting the HgCdTe 

alloy composition. Epitaxial techniques are the preferred techniques to obtain 

high quality material for IR devices. Specifically, growth on silicon wafer has 

emerged as a particularly promising approach to scale up wafer dimensions 

and achieve a cost effective production10,13. Photodiodes using this material 
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have usually used a double layer hetero junction structure. In this structure, 

the base detection regions exist between the CdZnTe substrate and a wider 

bandgap layer to suppress the dark current created by thermal generation13. 

Since the bandgap energy is very low, the operational temperature is very low 

(under 125 K) for long wavelength detection. Since pixel sizes can be several 

tens of micrometer square, very high resolution imager arrays have been 

made14. 

Extrinsic photoconductors are also used in wide range of the IR 

spectrum. They are based on silicon and Ge substrates and impurities are 

introduced into them. Since silicon substrate has several advantages over Ge: 

impurity solubility, fabrication process, and hardness, silicon substrates are 

preferred. In principle, they can detect over 20um wavelength light15-20. 

However, because of the solubility limit and the difficulty in controlling the 

positions of impurity bands in the bandgap of silicon, most impurity-doped 

silicon detectors have low sensitivity and operate only at very low 

temperatures. Even with this difficulty, for space applications that require the 

detection of low background light and long wavelengths around 20um, impurity 

silicon photodetectors are of importance since it is difficult to control 

composition in group III-V materials. Ge is also getting interest for the 

detection of over 20um wavelength light. 

 With the recent advance of silicon photonics, hetero-structure detectors 

such as Ge and SiGe detectors have been fabricated on Si substrates to 
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extend the detection spectrum to 1550 nm wavelength15,21,22. However, due to 

high defect densities and the limit of critical thickness due to the lattice 

mismatch between Ge and Si, such detectors are often integrated with optical 

waveguides to have the guided light evanescently coupled into the detector. 

This architecture may be suitable for applications such as optical interconnect 

and fiber optic communication, they are not suitable for imaging applications 

where a large number of pixels are required to detect light with a nearly normal 

incident angle, such as the architecture in CCD and CMOS circuits.  

 

1.3 Nanowire Photodetectors   

As the device scales down into nano-sized dimensions, devices show 

very unique characteristics due to their small dimensions. In the case of quasi- 

one-dimensional structures such as nanowires, they have very promising 

characteristics in their sensitivity to light, which leads to the application as 

photodetectors, optical switch, and biological and chemical sensing23,24. With 

the development of process technology, nanowires have been realized out of 

a variety of materials and studied intensively on their characteristics for the 

last decade. They have been realized as photoconductors, photodiodes, and 

phototransistors devices for the application as photodetectors25-32. 

In the case of photo diodes, the conventional p/n or p/i/n concepts have 

been adopted through homo or hetero junctions. Junctions are formed directly 

during the nanowire growth or before the nanowire fabrication. Due to their 
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small dimensions, nanowire photodiodes have a great potential for denser 

integration, higher specificity, and response to light polarization25,26. 

Phototransistors also have been successfully implemented in NW structure. 

Typically, nanowire field effect transistors have been fabricated by patterning 

nanowires through conventional photolithography27-32. A gate bias is applied to 

the patterned gate electrode, which modulates the lateral field across the 

nanowire to create gain. This similar effect can also be realized in the 

nanowire photoconductor in which surface states give rise to an electric field in 

the radial direction of the wire. Nanowire photoconductors are the simplest 

structure of the nanowire based photodetectors. Due to the high surface to 

volume ratio, they have a built-in field in the radial direction which leads to an 

increase in the life time of the carrier and thus the gain33-35. For example, in 

the p type nanowire photoconductor case, the generated electrons are swept 

to the surface by the built-in field in the radial direction and recombine with the 

surface charges, which lead to the change of the radial field. Thus, nanowire 

photoconductors can be viewed as a phototransistor in which the gate voltage 

is controlled by the illumination of light. The generated holes are confined by 

the field and contribute to the photocurrent until they are re-captured by the 

surface states. This operating mechanism substantially increases the 

photoconductor gain. The unique properties of the nanowire photoconductors, 

such as photoconductor gain, light absorption enhancement, and light 

polarization sensitivity, depend on the device geometries and the intrinsic 
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material properties. Here, we briefly review the properties of nanowrie 

photoconductors based on material categories.  

III-V compound materials are one of the most promising materials for 

nanowire photodetectors due to their high mobility and the ability to control the 

detection spectrum by alloy bandgap engineering.  Most studies using these 

materials have been focused on high photocarrier dynamics. GaAs, AlGaAs 

and InGaAs nanowires show ultra short carrier relaxation times in the 

picoseconds36,37. III-nitride based nanowires have also been attracting 

attention for ultraviolet photodetection, which could extend the detection 

spectrum to the entire visible light wavelength by alloying with InN38. As 

mentioned earlier, surface states in the nanowires play a key role in 

determining the carrier life time and the performance of the device. Through 

GaN nanowires, it was observed the photocurrent in nanowires strongly 

depends on nanowire diameter due to the relationship between depletion 

length and diameter33,38. Recently, infrared light detector using InSb nanowires 

have been realized by a vapor liquid solid approach using InSb powder source 

and gold catalyst. Au and Cu electrodes were connected to a InSb nanowire to 

form a Schottky photodiode. Low dark current (under picoamps) was achieved 

in this nanowire by shrinking the size (diameter: 10~35nm) and suppressing of 

phonon-electron scattering39. 

Group IV semiconductors most commonly used in devices comprise of 

silicon and Ge. Silicon has been used for visible light detection for several 
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decades since its material properties and fabrication process are well 

established40-43. Silicon nanowire photoconductors have been fabricated 

through chemical synthesis or top down etch methods. These devices have 

shown large photoconductive gain which saturates at high light intensities42. 

The rise and decay time in the intrinsic nanowires are less than 100us and 

they can be greatly increased by introducing impurities due to the impurity 

states that are created within the forbidden gap. Ge is an extremely valuable 

material in the detection of IR light. However, Ge nanowire photoconductors 

have shown photoresponse to only visible illumination, due to high dark 

current. Their rise and decay times are from sub-milliseconds to seconds, 

which are much longer than the bulk Ge44. 

Group II-VI materials are widely applied in optoelectronic applications 

due to their direct bandgap and a wide coverage of bandgap energy. HgCdTe 

is one of the most important semiconductor materials for infrared detection. 

Wide band gap II-V materials, such as CdTe, ZnTe, CdSe, ZnSe, and Cds are 

typically used in the detection of visible light45-50. Electrochemically self-

assembled CdS and ZnSe nanowires in porous alumina have shown 

interesting infrared response51,52. The resistance of the nanowires abnormally 

increased up to two orders of magnitude on IR light exposure, most likely due 

to photoinduced electron trapping from the semiconductor nanowires to the 

surrounding alumina. CdS nanowires have also been realized as detectors for 

visible and ultraviolet detection. 
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In view of realizing large-scale, ordered nanowire photodetector arrays, 

nanoimprint lithography is one of the promising methods since it can reduce 

both processing time and cost while granting nanoscale feature resolution and 

high yield. Nanoimprint lithography can be applied for the fabrication of vertical 

nanowire photodetector arrays, either via top-down etching method or the 

bottom-up chemical nanowire synthesis53,54. We will discuss this process in 

detail in Chapter 3.   

 

1.4 Outline of Dissertation 

A summary of the research undertaken in the areas of IR detectors and 

nanowire photodetector are presented in this chapter. IR detector itself has 

shown good performance. However, since IR detectors generally use low 

bandgap materials, it requires a cryogenic cooling system to obtain a high 

sensitivity to light and has issues in design and integration process for the 

application of high resolution imager arrays. In contrast, nanowire 

photodetectors is a promising device structure due to their potential with high 

sensitivity to light and a high integration density. However, practical IR 

nanowire detectors have not been reported due pure material purity issues 

and ambiguity of the detection principle. Thus, with the motivation for creating 

high sensitivity and high resolution IR detectors, we will present the research 

results performed for this work on silicon nanowire photoconductor IR 

detectors. 
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Chapter 2 introduces the basic concept of photoconductors and the 

theory behind the operational mechanisms of silicon nanowire photoconductor 

using surface states. Then, we discuss the mathematical modeling and 

simulation results in the visible light regime to optimize the parameters that are 

of importance to obtain high sensitivity photodetectors. Lastly, we explain how 

our silicon nanowire photoconductors can also achieve high sensitivity in the 

IR regime using surface state effects. 

Chapter 3 presents Nanoimprint Lithography for realizing large area 

nano-scaled patterns and using this technique, the fabricated results are 

presented. Then, the process flow and the fabrication results of the vertical 

silicon nanowire based on the simulation results in Chapter 2 are introduced. 

Then, we introduce the improved process steps to overcome obstacles we 

found during process and the integrated process flow to fabricate vertical 

silicon nanowires. We also propose a new nanowire structure to improve 

efficiency and dark current as well as process uniformity and reliability. For 

realizing this structure, simulation results and the required fabrication process 

are presented. 

Chapter 4 presents the measurement results of the fabricated silicon 

nanowires using surface state effect at IR wavelengths. First, photoresponse 

of our device at the IR wavelength are characterized by varying illumination 

light intensity. Next, we present the device characteristics under IR light 

illumination by varying the temperature to confirm the effect of dark current. 
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Lastly, the photoresponsivity of our device under visible and IR lights are 

compared and we discuss the comparison results. 

Chapter 5 presents an alternative silicon IR detector design using sub-

bandgap transitions which is more efficient and reproducible than the surface 

state transitions design. To validate our theory, the physical modeling for 

obtaining the absorption coefficient using sub-bandgap transition is presented 

and the simulation results of our model are provided to predict achievable 

values. Then, the measurement method to confirm absorption is also provided 

with the results.  

Chapter 6 provides the conclusion of this work and reveals the area in 

which our silicon nanowire photoconductor can be improved. In view of the 

process and device structure, the improved methods are suggested. 
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Chapter 2 

Silicon Nanowire Photoconductor Using Surface State Effects 

 

2.1 Introduction 

Nanowire detectors have been attracting attention due to their potential 

for very high sensitivity1-9. Silicon nanowires are especially of interest for its 

detection in the visible regime and its process compatibility with conventional 

CMOS fabrication techniques. In our study, we expand the application of 

surface state silicon nanowires to the detection of the infrared light regime 

using band to surface state transitions. In this chapter, we introduce the basic 

concept of photoconductors and the theory behind the operational 

mechanisms of surface state silicon nanowire detectors. Then, we discuss the 

mathematical modeling and simulation results in the visible light regime, to 

optimize the parameters that are of importance to obtain high sensitivity photo 

detectors. Lastly, we explain how our surface state silicon nanowires can also 

achieve high sensitivity in IR light regimes. 

 

2.2 Photoconductor 

In this section, we will discuss the basic concepts of optical absorption 

and photoconductivity before exploiting the surface state effects of our silicon 

nanowire. Photons can be absorbed in a semiconductor material if the 

photon's energy is greater than the band-gap energy of the semiconductor 
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material. The absorbed photons generate electron-hole pairs, which are free to 

move and produce a photocurrent in a semiconductor until they recombine. 

Optical band to band transition should also follow the momentum conservation 

rule. Thus, the momentum vector of the final state kf is the summation of the 

initial state momentum vector ki and photon wave vector kopt. Since ki and kf is 

higher than kopt, the photon wave vector is neglected and the k-selection rule 

is written as 

푘 ≈ 	푘 (2.1) 

As shown in Figure 2.1, a material having a direct band gap has the same 

wave vector at the maximum valence and minimum conduction band energy.  

 

 

(a)                                                   (b) 

Figure 2.1: Energy band diagram (a) direct bandgap (b) indirect 
bandgap. 
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On the contrary, a material having an indirect band gap does not have 

the same wave vectors. In an indirect band gap material, assistance of a 

phonon is necessary for a band to band transition to occur while obeying 

momentum conservation. 

 

Figure 2.2: Diagram of a photoconductor. Incident light 
generates excess electrons and holes which under an applied 
bias create a current in the material 

 

The simplest device structure of a photoconductor consists of a slab of 

semiconductor with two ohmic contacts, as shown in Figure 2.2.  When the 

light impinges on the semiconductor and the photon energy is higher than the 

band gap energy, electron-hole pairs are generated and the conductivity is 

increased. The increased conductivity caused by the light is 

Δ휎 = 푞(휇 + 휇 )Δ푝 (2.2) 

where Δn=Δp  is used,  휎 is the conductivity, q is the electron charge, and u is 

mobility of each type of carrier. The behavior of excess carriers is described by 
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the rate equation which states that the time rate of change of the carriers is 

equal to the total generation rate minus the total recombination rate.  

Δ = 푔 − Δ  (2.3) 

where g is the generation rate and 휏 is the recombination time of the hole. 

Under the steady state condition, the number of the excess carrier does not 

vary with the time. Thus, equation can be written as   

푔 = Δ  (2.4) 

When an electric field, E, is applied through the photoconductor and there is 

uniform photo-generation throughout the sample, the photocurrent is given by 

퐼 = 푞	Δ푝 휇 + 휇 퐸.퐴 (2.5) 

where A is the cross sectional area of the photoconductor. Since 휇 . 퐸  is 

electron velocity, the time it takes for the electron to traverse the sample, 

known as the transit time, is  

푡 =
.

 (2.6) 

where l is the length of the photoconductor. Thus, the photocurrent equation  

can be given by 

퐼 = 푞	. g. . 1 + . 푣  (2.7) 

where 푣  is the drift velocity of the electron. From equation (2.7), the gain of 

the photoconductor, G, can be defined as the ratio of carriers collected by the 

contacts and the carrier generated per unit time. 
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퐺 =  (2.8) 

When an electron-hole pair is generated, the electron is immediately 

collected by the positive contact due to its high drift velocity. On the contrary, 

the remaining slow moving hole attracts another electron from the negative 

contact. This process repeat itself until the hole is removed by recombination. 

Thus, the gain can be physically expressed by the ratio of the hole lifetime to 

the electron transit time. When the optical pulse is applied to the 

photoconductor, the actual switching time is decided by the hole lifetime and 

the frequency response is inversely proportional to the carrier lifetime. For this 

reason, the photoconductive gain and the bandwidth cannot be optimized at 

the same time. 

Another limitation of the photoconductor is the dark current generated 

by the random motion of carriers in the dark state. The magnitude of the dark 

current is directly proportional to the temperature and the conductance of the 

dark state. Thus, a lightly doped photoconductor operated at low temperature 

is desirable. 

 

2.3 Nanowire Photoconductor Using Surface State Effects 

The photocurrent described in the earlier chapter is the ideal cases 

which neglect the barrier at the contacts and the presence of the surface 

states. Specifically, the presence of a discontinuity in the lattice structure at 

the surface creates a large number of energy states within the forbidden band 
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gap energy. These energy states, called surface states, greatly increase the 

recombination rate at the surface region. Thus, the gain in a photoconductor is 

significantly decreased by the existence of surface states. For this reason, 

modern device fabrication technology uses the surface passivation to improve 

the characteristics of the devices.  However, in this work, we maximize this 

surface state effect by using a high surface to volume device structure to 

enhance the device performance. 

As the device size is scaled down, the surface to volume ratio increases 

significantly so that the surface state effect plays a key role in the device 

behavior. The effect of the surface on a device depends on the surface 

properties of a given material and any surface imperfection resulting from 

accumulated ions, or chemical and mechanical damages occurred during the 

fabrication of the device. When neglecting surface imperfections, donor and 

acceptor states of a silicon material are distributed in the forbidden gap energy 

at the surface of the device10-13. These states have a Gaussian distribution with 

peaks at one third band gap energy away from conduction and valence energy 

level, respectively. Acceptor states will be charged negatively when they trap 

the electrons from the conduction band and donor states will be charged 

positively when trapping holes from the valance band.  

The energy band diagram and working principle in our p-type surface 

state silicon nanowire are illustrated in Figure 2.3. In steady state without light 

stimulation, free holes in the valance band are captured by the donor states of 
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the surface so that a space charge layer is formed at the surface. The higher 

surface recombination rate leads to a lower carrier concentration at the 

surface. This creates a built-in field in the radial direction of the nanowire and 

depletes the carriers in the center of the nanowire. 

  

Figure 2.3:  Diagram of phototransistive process. (a) Surface 
states cause mobile carriers to be trapped at the surface, 
causing the nanowire body to be depleted, a radial electric field, 
and bandbending. (b) When light is absorbed, electrons and 
holes are generated. Photons with energy greater than the 
bandgap will create an electron in the conduction band, while 
photons with energy less than the bandgap can excite electrons 
from the valence band into surface states. (c) Electrons in the 
conduction band are swept to the surface by the potential 
gradient and recombine with a hole, while holes are confined in 
the center of the nanowire. 
  

When light illuminates the device, electron-hole pairs are generated.  

Due to the built-in field in the radial direction, electrons are swept to the 

surface and recombine with the trapped holes. On the contrary, the generated 

holes are confined to the center of the nanowire by the built-in field and 

contribute to the photocurrent when there is an applied bias. The photocurrent 
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will stop when the generated holes are re-captured at the surface. Since the 

built-in field exists in the radial direction of the nanowire, the life time of the 

generated hole is significantly extended and high gain can be achieved.  

 

Figure 2.4: Diagram of important terms in a nanowire 
phototransistor.  These terms include: total number of free holes 
(푝 ), free electrons (푛 ), and trapped holes(푝 ), capture time by 
a surface state for holes(휏 ) and electrons (휏 ),hole escape 
time(휏 ), and the transit times for holes (푡 ) and electrons (푡 ). 
 

From here, we explain the gain mechanism of our silicon nanowire using 

surface states in detail with rate equations. The current in the nanowires 

depends on the number of free holes and electrons. Thus the time averaged 

current is    

< 퐼 >= +  (2.9) 

where 푡   and 푡  are the transit times for holes and electrons, and 푝  and 푛  

are the total number of free holes and electrons in the material.  As shown in 

Figure 2.4, we can write the rate equations for the free holes, the free 

electrons, and the trapped holes in the nanowire.   
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< 푝 >	= 	− + + 푔 + 휂∗ = 	− + + 푔 (2.10a) 

< 푛 >	= − 	+ 푔  (2.10b) 

< 푝 >	= − 	− (2.10c) 

where 푝  is the number of trapped holes, 휏  and 휏  are the capture times of 

the holes and electrons, 휏  is the hole escape time, 휂∗ is the quantum 

efficiency, 푃  is the optical power incident on the material, ℎ휈 is the photon 

energy, 푔  is the thermal generation rate, and 푔 is total generation rate by 

thermal and optical response. Here, we didn’t use the rate equation for trapped 

electrons since the trapped electron will be instantly recombined with one of 

the trapped holes. At steady state conditions, all rate equations must be zero. 

< 푝 >	= < 푛 >	= < 푝 >	= 0(2.11) 

Plugging the results obtained from equation (2.11) into equation (2.9), we 

obtain   

< 퐼 >= + +  (2.12) 

If the device is not saturated, 휏  is much smaller than the carrier transit time 

since the radius of the nanowire is much smaller than the length of the 

nanowire and the built-in field in radial direction is stronger than the applied 

field along the length of the nanowire. Thus, equation (2.12) can be written as 

< 퐼 >≈ + 푔  (2.13) 
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From equation (2.13), the term < 푝 >/휏  is the number of holes that escape 

from the surface states and < 푝 > is approximately the number of acceptors 

in the nanowire in the fully depleted condition due to the high surface to 

volume ratio of the nanowire. Thus, this term gives the dark current with 

thermal generation term in 푔 . The term 푔  is the total generation rate due 

to thermal and photo generation. Both terms are amplified by the amount 휏 /푡  

and contribute the DC current of the nanowire. We define the term 휏 /푡  as the 

steady state phototransistive gain. 

퐺 =  (2.14) 

As shown in equation 2.14, the phototransistive gain is equal to the ratio of the 

hole capture time to the hole transit time. Comparing the gain equation of the 

photoconductor, the minority carrier life time of the photo conductor is changed 

to the hole captured time in the nanowire. Thus, the gain in the nanowire 

substantially increases since the hole capture time is long due to the built-in 

potential in the radial direction of the nanowire. 

 

2.4 Design of Silicon Nanowire Photoconductor 

The operational principle of the silicon nanowire presented earlier 

shows that a built-in potential plays a key role in the performance of the 

device. Since the value is related to the depletion length and the hole life time, 

which affects the dark current and the gain of the device, we need to optimize 

this value in the design of a device. A built-in field and depletion length depend 
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on the surface state density, the doping density of the nanowire, and its 

diameter. For example, as shown in Figure 2.5, if the surface state and doping 

densities are the same, the built-in potential and the depletion length rely on 

the diameter of the nanowire. When the diameter is shorter than half of the 

depletion length, the nanowire itself is fully depleted but the built-in field is not 

maximized. For this reason, we cannot expect high gain in this case. We also 

cannot expect a good device performance when the diameter is larger than 

the depletion length due to the high dark current. Thus, we need to optimize 

the variables to get the condition where the nanowire is fully depleted while 

having the high built-in field. 

 

                (a)                                    (b)                                        (c)        

Figure 2.5: Nanowire energy band diagram with different 
nanowire diameters. (a) The depletion length is longer than the 
radius of the wire. (b) The depletion length is the same as the 
radius of the wire. (c) The depletion length is shorter than the 
radius of the wire.  
 

To verify the relationships among the parameters presented earlier, we 

performed the simulation of the silicon nanowire structure in visible light 

regime with the commercial device simulator, SILVACO. Simulations were 
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performed on a uniformly doped p-type silicon nanowire while varying the 

density of surface states, the doping concentrations, and the light intensity. 

The radius of the nanowire was 100nm and the peaks of the surface states 

(donor and acceptor states) were located at 1/3 band gap energy away from 

the valence and conduction band energies, respectively10-13. The peak value of 

donor states is 3 times higher than that of acceptor states.  A pseudo 3D 

simulation was used by taking a slice in the radial direction and integrating 

around the body of the nanowire.       

 

                             (a)                                                        (b) 

Figure 2.6: (a) Diagram of band structure along a radial slice of 
nanowire with varying doping concentration. The surface state 
density is held constant at 5x1010 cm-2. (b) Simulation results of 
gain vs. nanowire doping with varying surface state density. 
Nanowire structure is 100 nm in radius.   

 

 Figure 2.6 shows the representative band diagram and gain plot of the 

nanowire device with varying doping concentration and surface state density. 

As presented in the earlier section, the magnitude of the built-in potential 
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depends on the doping concentration, the surface state density, and the 

surface to volume ratio (radius). Figure 2.6 (a) shows the magnitude of the 

barrier changing by varying the doping concentrations at a fixed the surface 

state level and nanowire radius. At low concentrations, the nanowire is fully 

depleted but the number of impurities in the nanowire is not enough to charge 

the surface states. Therefore, the built in field is very low. As doping 

concentration increases, the built-in potential becomes higher, which leads to 

the higher gain. At high doping concentrations, the surface states are not 

enough to trap all the holes coming from doped impurities introduced in the 

nanowire, and the built-in potential becomes low again. Gain simulation results 

shown in Figure 2.6(b) dramatically show the effect of surface state density 

and doping concentration on the nanowire gain. Each curve in Figure 2.6 (b) 

shows the gain while varying doping concentrations at the given surface 

density. As explained in Figure 2.6 (a), each curve has a peak gain value as 

doping concentrations is varied. Another interesting point in the figure is the 

peak point shifted with varying surface state densities so that the ratio of the 

surface state density to doping concentration at the peak point keeps 

constant. Lastly, the peak gain value increases when increasing the surface 

state density. This means that magnitude of the potential barrier increases as 

the surface state density increases, which leads to the increase of the hole 

lifetime and results in high photoconductive gain.  
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2.5 Band to Surface State Transitions for IR Detection 

As explained in section 2.1, photons are absorbed in the semiconductor 

material when its energy is higher than the band gap energy. This 

phenomenon, known as band to band transition, .makes it difficult in the 

application of silicon for the detection of over 1.1um wavelength light since the 

band gap energy of silicon is higher than that of the photon. However, many 

surface states exist in the forbidden gap energy at the surface of the device. 

Therefore, photons having smaller energy than band gap can be absorbed at 

the surface. In a bulk body or thin film device, the surface effect is very weak 

and not useful in making devices. In the case of our nanowire device, the 

surface to volume ratio is high so the sub-band transition by the surface states 

increases substantially. Additionally, surface states are bound states, localized 

in position so that there are not well defined momentums. Thus, the k-

selection rule will not hold in sub-band transitions at the surface, which leads 

to a great increase in absorption. 

The energy band diagram and sub band transition mechanism in our p-

type surface state silicon nanowire are illustrated in Figure 2.7. In steady state, 

the nanowire is fully depleted by the built-in field. When IR light impinges on 

the nanowire, the photon energy breaks bonds near the surface and the 

generated electrons directly recombines with the positively charged surface 

states, leaving generated holes in the valence band. The generated holes are 

confined in the center of the nanowire by the built-in field and contribute to 
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photocurrent with the applied bias. This process will stop when the generated 

holes are re-captured by the empty surface states. Thus, the photocurrent due 

to sub-band transitions also follows the gain given by equation 2.14, and our 

device holds promising characteristics in IR regime light detection. 

 

 

Figure 2.7: Diagram of band to surface transition of sub-
bandgap light: (a) Under steady state, the nanowire is fully 
depleted and a built-in field exists in the radial direction. (b) By 
illuminating light on the device, the generated electrons are 
trapped in the charged surface states. (c) The generated holes 
are confined in the center of wire due to the built-in field. (d) The 
confined holes contribute to the photocurrent until they are 
recaptured by the surface states. 

 

2.6 Conclusion 

Silicon nanowires have unique characteristics due to the high surface to 

volume ratio of surface state effects. The high surface to volume ratio of the 

nanowire fully depletes the nanowire body and creates a built-in field in the 

radial direction. This built-in field allows the device to have high gain. Our 

physical model derives the gain of the nanowire using surface states and 
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shows the key parameters to obtain the optimal conditions. Simulation results 

from varying the parameters show the promising performance of the silicon 

nanowire at the optimal conditions. Another unique characteristic by surface 

state effects is also introduced: the band to surface state transition. The band 

to surface transition allows the silicon device to detect IR wavelengths. 

Considering the process compatibility with the conventional CMOS 

technology, the silicon nanowires are very promising as the IR light detectors 

due to its high surface to volume ratio. 

 

 

 

 

 

  

Portions of this chapter have been published in Nano Letters, 2010, 

Zhang, Arthur*; Kim, Hongkwon*; Cheng, James; Lo, Yu-Hwa, American 

Chemical Society, 2010.  The dissertation author was the primary investigator 

and author of this paper. 

  



38 
 

References 

[1] Ahn, Y., Dunning, J., and Park, J., "Scanning Photocurrent Imaging and 
Electronic Band Studies in Silicon Nanowire Field Effect Transistors," Nano 
Lett, vol. 5, pp. 1367-1370, 2005. 
 
[2] Servati, P., Colli, A., Hofmann, S., Fu, Y. Q., Beecher, P., Durrani, Z. A. K., 
Ferrari, A. C., Flewitt, A. J., Robertson, J., and Milne, W. I., "Scalable Silicon 
Nanowire Photodetectors," Physica E, vol. 38, pp. 64-66, 2007. 
 
[3] Ingole, S., Manandhar, P., Chikkannanavar, S. B., Akhadov, E. A., and 
Picraux, S. T., "Charge Transport Characteristics in Boron-Doped Silicon 
Nanowires," IEEE Transactions on Electron Devices, vol. 55, pp. 2931 - 2938, 
2008. 
 
[4] Francinelli, A., Tonneau, D., Clément, N., Abed, H., Jandard, F., Nitsche, 
S., Dallaporta, H., Safarov, V., and Gautier, J., "Light-Induced Reversible 
Conductivity Changes in Silicon-on-Insulator Nanowires," Appl. Phys. Lett., 
vol. 85, pp. 5272, 2004. 
 
[5] Vaurette, F., Nys, J. P., Deresmes, D., Grandidier, B., and Stievenard, D., 
"Resistivity and Surface States Density of N-and P-Type Silicon Nanowires," 
Journal of Vacuum Science & Technology B, vol. 26, pp. 945-948, 2008. 
 
[6] Ng, M.-F., Shen, L., Zhou, L., Yang, S.-W., and Tan, V. B. C., "Geometry 
Dependent I-V Characteristics of Silicon Nanowires," Nano Lett, vol. 8, pp. 
3662-3667, 2008. 
 
[7] Kim, K.-H., Keem, K., Jeong, D.-Y., Min, B., Cho, K., Kim, H., Moon, B.-M., 
Noh, T., Park, J., Suh, M., and Kim, S., "Photocurrent of Undoped, N- and P-
Type Si Nanowires Synthesized by Thermal Chemical Vapor Deposition," Jpn. 
J. Appl. Phys., vol. 45, pp. 4265-4269, 2006. 
 
[8] Choi, H. G., Choi, Y.-S., Jo, Y. C., and Kim, H., "A Low Power Soi Mosfet 
Photodetector with a Nanometer Scale Wire for Highly Integrated Circuit," 
Microprocesses and Nanotechnology Conference, pp. 296-297, 2003. 
 
[9] Park, J.-H., Seo, S.-H., Wang, I.-S., Yoon, H.-J., Shin, J.-K., Choi, P., Jo, 
Y.-C., and Kim, H., "Active Pixel Sensor Using a 1× 16 Nano-Wire 
Photodetector Array for Complementary Metal Oxide Semiconductor Imagers," 
Jpn. J. Appl. Phys., vol. 43, pp. 2050-2053, 2004. 
 



39 
 

[10] Olibet, S., Vallat-Sauvain, E., and Ballif, C., "Model for a-Si: H/C-Si 
Interface Recombination Based on the Amphoteric Nature of Silicon Dangling 
Bonds," Physical Review B, vol. 76, pp. 035326, 2007. 
 
[11] Flietner, H., "Spectrum and Nature of Defects at Interfaces of 
Semiconductors with Predominant Homopolar Bonding," Surface Science, vol. 
200, pp. 463-471, 1988. 
 
[12] Deal, B., Sklar, M., Grove, A., and Snow, E., "Characteristics of the 
Surface State Charge (Q) of Thermally Oxidized Silicon," Journal of The 
Electrochemical Society, 1967. 
 
[13] Chuang, S., Lien, “Physics of Optoelectronic Devices,” N.Y. John Wiley & 
Sons, Inc., 1995. 
 
 
 



40 
 

Chapter 3 

Process for the Fabrication of Silicon Nanowire 

 

3.1 Introduction 

Traditionally, there are two fabrication methods for realizing nanowire 

devices. The first one is bottom up growth method, which uses gases 

comprising of the constituent materials to form nanowires. This approach 

allows for the formation of nanowires on the various substrates. The other way 

is the top down method which utilizes patterning and etching selected area. 

This method allows for precisely controlling the dimension, position, and the 

density of nanowires, which are important for the performance and uniformity 

of the devices. Thus, we chose the top down method for the fabrication of our 

nanowire devices. 

In view of realizing nanoscale patterns, e-beam lithography has been 

applied in research level since it can provide a precise pattern in a small area. 

Practically, however, there are restrictions in adopting this method for 

commercial applications due to the long processing time and cost of e-beam 

writing. Thus, we have developed a nanoimprint lithography (NIL) method to 

form the nano-scale pattern required for fabrication of our nanowire devices. 

NIL is becoming an increasingly attractive method for pattering nano-scale 

dimensions since it allows for the ability to quickly and cheaply pattern a large 

sized substrate. Although current applications of this technology are limited to 
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patterned magnetic media and optical components, many fabrication areas for 

electrical, optical, photonic, and biomedical devices could benefit from this 

technology 1-5.  

For this work, we have extended the application of NIL to silicon 

nanowire photodetector arrays and used conventional etching process for the 

fabrication of our devices. This chapter introduces the NIL process and details 

the process used for the fabrication of devices. Nanowire devices were 

fabricated in the Nano3 Cleanroom facility of Calit2 at U.C. San Diego. 

 

3.2 Nanoimprint Lithography (NIL) 

Conceptually, NIL is a very simple process as shown in Figure 3.1. It 

involves physically pressing a mold, which has a nano sized pattern, onto a 

photoresist coated substrate. The imprinted photoresist is then cured thermally 

or by UV light and the mold releases from the imprinted substrate. After the 

photoresist is cured, the imprinted substrate can be used for various 

applications after removing the residual photoresist. For example, it can be 

used to fabricate vertical nanowire arrays via either the top-down etching 

method or the bottom-up chemical synthesis method 6,7.  

As mentioned in the previous paragraph, NIL can be divided into 

thermal and UV NIL by the way of curing the imprinted photoresist on the 

substrate. UV NIL has several advantages over thermal NIL by allowing 

processing at room temperature and minimizing damage of the master mold 
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by using a duplicated quartz mold. Additionally, since UV NIL can be realized 

by adding an additional module to the conventional photo mask aligner, we 

chose to use UV NIL method to form nano-scaled patterns. Our UV NIL 

process consists of three steps: preparing the master mold, making the quartz 

working mold, and imprinting the sample. Once the quartz working mold is 

made, it can be used many times as a source stamp to prepare samples. The 

following is the description of UV curing NIL process in detail. 

 

 

Figure 3.1: Nanoimprint lithography process flow 
 

3.2.1 Preparing the Master Mold 

The master mold must be very clean and precisely patterned since the 

NIL patterns are duplicated from it. Thus, conventional e-beam lithography and 

etching method were applied to form the nano-scale pattern on the master 

mold substrate. First, nano size patterns were written on a photoresist coated 
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silicon substrate by e-beam writing. After the resist development, chrome is 

deposited and lifted off to serve as the etch mask for Si etching. Then, the 

silicon substrate was etched 60 to 65nm via SF6:C4F8 ICP/RIE etcher at room 

temperature. The silicon mold master was completed after removal of the Cr 

mask by wet chemicals.  The silicon mold master will be used to make quartz 

working molds which can be used repeatedly to make device wafers. 

 

3.2.2 Preparing Quartz Molds 

In this step, nano-size patterns on the Si master mold were transferred 

to a blank quartz plate by using the UV curing NIL method. The blank quartz 

plate was prepared by depositing a 70 nm thick SiNx layer over the imprinted 

area and 1.2um thick Ti posts outside the imprinted area. The Ti posts create 

an air gap between the substrate and the quartz plate during the imprinting 

step. This design improves the process yield in the following manner: by 

pumping out the air between the quartz plate and the silicon mold master, the 

silicon substrate is bent by the outside pressure to make contact with the 

quartz plate and create a uniform imprinted pattern during the imprinting step. 

Additionally, these Ti posts help to release the substrate from the quartz plate 

by pumping gas into the gap.  Figure 3.2 shows the fabrication process of the 

quartz working mold. The silicon master mold was first coated with a 

surfactant, T2492-KG, by using vapor treatment. This surfactant helps the 

master mold release from the quartz mold after UV curing. The quartz plate 
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was then coated with a bi-layer photoresist stack consisting of an under-layer 

and a UV-sensitive top layer (a). The under-layer was baked before the 

coating of the top layer. The under-layer enhances the adhesion and 

uniformity of the UV-layer.  The patterns on the Si mold master were imprinted 

onto the quartz mold using a setup modified from a UV contact mask aligner 

(b).  Before separation of the two wafers, the UV-layer on the quartz plate was 

cured by UV exposure. After wafer separation (c), we used two-step reactive 

ion etch(RIE) to first remove the residual UV-layer(d) and then the under layer. 

The reaction gases in the RIE process were CF4/O2 for the UV-layer etch and 

O2 for the under-layer etch, respectively. The etching selectivity of these two 

layers is high (over 1:8) enough to give us design space to choose the 

deposited metal thickness for liftoff process in the next step. Table 3.1 and 

Figure 3.3 show the gases composition of each RIE etching condition and the 

etching rates under each etching condition. After Cr patterns were formed on 

the quartz plate as an etch mask using deposition (e) and lift-off techniques (f), 

the SiNx layer was etched to a depth of around 70nm. The quartz working 

mold is completed after Cr removal (g).  
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Figure 3.2: Process of making a quartz working mold: (a) 
coating under-layer and uv-layer PR on a blank quartz plate (b) 
imprinting the quartz plate with the silicon master mold (c) the 
quartz plate after imprinting (d) RIE etching of the UV-layer 
residue (e) RIE etching of the under-layer and Cr deposition on 
the quartz plate (f) lift-off step (g) RIE etching of SiNx layer and 
Cr removal. 

 

Table 3.1: UV-layer and under layer RIE etching conditions. 
 

 
Process 
pressure 
(mTorr) 

Strike 
Pressure 
(mTorr) 

Ramping 
Ratio 

Power 
(W) 

Gases flow rate 
(sccm) 

CF4 O2 
UV-layer 6 25 5 50 10 2 
Under-
layer  15 40 5 75 0 25 
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(a)                                                      (b) 
Figure 3.3: Under-layer and uv-layer etching rates under (a) uv-
layer condition (b) under-layer condition: Measured with 
ellipsometer and Filmatrix. 

 

3.2.3 Preparing Imprinted Samples 

The imprinting process for patterning subsequent substrates from the 

quartz working mold is similar to the process of quartz mold fabrication 

explained earlier. The substrate for fabricating vertical silicon nanowires was a 

p+ silicon (100) substrate with a lightly p-doped epitaxial layer covered by a 

heavily p-doped layer. Surfactant was coated on the surface of the quartz 

working mold, and then the patterns on the quartz mold were duplicated onto 

the bi-layer (under-layer and UV-layer) coated p+/p-/p+ silicon substrate. The 

imprinted photoresist were cured by a UV light source and two-step RIE 

etching was performed to expose the silicon surface in the imprinted areas. A 

70 nm layer of nickel was deposited and lifted off to form the etch mask and to 

make ohmic contact with the p+ region. SEM images in Figure 3.4 show the Ni 

dot patterns formed by the NIL process. 
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Figure 3.4: SEM image of 70nm thick Ni dot patterns on a p+/p-

/p+ silicon substrate obtained by nano imprint lithography. The 
inset shows that the diameter and pitch of Ni dots in SEM image 
are 200nm and 1um, respectively. 

 

 

Figure 3.5: SEM image of silicon nanowires obtained by 
SF6:C4F8 ICP/RIE etching with an Ni mask in the defined device 
area. The inset shows that the vertical nanowires are 4um high 
and 200 nm in diameter.  

 

2um 10um 
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3.3 Fabrication of Vertical Silicon Nanowire Detector 

To fabricate nanowire detectors (outlined in Figure 3.6), we employed 

anisotropic ICP/RIE silicon etch in SF6:C4F8 gases using the NIL patterned Ni 

dots as the etch mask (b). SEM images in Figure 3.5 show the very high 

aspect ratio of the etched silicon nanowires. After the devices were annealed 

at 650ºC to form a Ni silicide contact for each Si nanowire, a layer of 

transparent and insulating polymer or spin-on-glass (SOG) was spun and 

thermally cured to fill the space between the wires and to planarize the surface 

(c). The filling material was etched back to expose the tips of the nanowires 

using ICP/RIE(d) seen in SEM images in Figure 3.6 (f), (g). The windows for 

top contacts were then defined lithographically and a layer of indium tin oxide 

(ITO) was sputtered and lifted off to form the transparent contacts above the 

photoactive region. Finally, Ti/Au was evaporated and lifted off to form the 

contact pads outside the photoactive region (e).  
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Figure 3.6: Fabrication steps of vertical silicon nanowire 
detectors from the dot patterned silicon substrate and SEM 
images. (a) the dot patterned silicon substrate using NIL (b) 
silicon etching after defining device area (c) coating device with 
filling material (d) etching filling material to expose Ni top 
electrode (e) ITO & Ti/Au pattering for contact electrode. SEM 
image of the device after filling material (SOG) etched to expose 
electrode: (f) side view and (g) top view. 
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3.4 Process Improvement and Integration 

The process flow introduced earlier using nanoimprint lithography and 

conventional etching is a practical way to fabricate vertical silicon nanowire 

arrays but there still remain some process issues. In this section, we will 

introduce some practical issues that we found during the fabrication of the 

devices and explain the improved process steps and results. 

  

3.4.1 Filling the Space Between Nanowires with PDMS  

As shown in Figure 3.6, the fabricated nanowires were bent after curing 

polymide (or spin on glass) filling material due to the thermal expansion 

mismatch. This phenomenon not only degrades the characteristics of vertical 

silicon nanowire, but makes it hard to realize large area nanowire arrays. In 

here, we resolved this issue by using Polydimethylsiloxane (PDMS) as a filling 

material between nanowires. Since the PDMS transmittance is approximately 

85% at the wavelength range of 290~1100nm, it allows our vertical silicon 

nanowire to detect from the UV to IR wavelength light regime.   

The coated PDMS thickness can be controlled by changing spin speeds 

but it is hard to get under 20um thick PDMS without diluting the PDMS. PDMS 

can be diluted with toluene or hexane. Since toluene is toxic material, we used 

hexane to dilute PDMS. The following is the procedure for PDMS coating in 

detail. First of all, the PDMS is prepared by mixing Dow corning 184 PDMS 

and its curing agent in a 10:1 mixture ratio and subsequently removing any air 
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bubbles in the mixed PDMS with a vacuum tool. Then, the prepared PDMS 

was diluted with hexane. Hexane is so volatile that the coated thickness highly 

depends on the quantity of the mixed material. For example, when mixing 

2gram PDMS and 4gram hexane, the coated PDMS thickness at 3500 RPM 

condition was around 5um. Dropping the diluted PDMS through a micro-filter 

improves uniform coating of PDMS and minimizes air bubbles in the coated 

PDMS layer. The coated PDMS layer on a silicon nanowire substrate was 

cured over 10minutes at 120 degree. Then, the Oxford RIE etcher was used to 

etch PDMS until the nanowire tips are exposed. The gases and the other 

parameters used for PDMS etching in the Oxford RIE etcher are described in 

Table 3.2. Since fluorine gas also etches silicon, a high CF4 flow rate 

condition (step1 condition in Table 3.2) etches silicon very fast. Thus, after 

etching PDMS until its thickness is 4um, we used step 2 etching condition in 

Table 3.2 for minimizing damage to the silicon nanowires. As shown in Figure 

3.7, the PDMS filling process and etching process described above .allowed 

us to fabricate a large area vertical nanowire detector array without the 

deformation of nanowires. 

 

Table 3.2: PDMS RIE etching condition. 
 

 Process 
pressure (mT) 

Power 
(W) 

 Gas flow rate (sccm) PDMS etching 
rate(nm/min) 

CF4 O2 
Step 1 50 200 10 2 200 
Step 2  50 200 0 25 100 
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(a)                                                          (b) 
 

Figure 3.7: SEM images of the sample after PDMS filling/curing 
and etching until nanowires were exposed. 
 

3.4.2 UV NIL for Small Size Substrates 

UV NIL has several advantages over thermal NIL by allowing of 

processing at room temperature and minimizing of damage to the master mold 

by using a duplicated quartz mold. Additionally, it allows us to obtain a more 

precise pattern due to the viscosity characteristics of the UV NIL photoresist. 

However, it is vulnerable to particle contamination on the substrate or trapping 

of air bubbles between the quartz plate and the substrate since the pressure 

applied to the substrate is weaker than the thermal method. To overcome 

these effects, we have used Ti posts on the quartz plate which create gaps 

between the two plates and allow it to pump out the air during imprinting. 

When we are using the standard large substrate process (a 5inch*5inch 

Quartz plate and a 4inch substrate), the imprinted area is smaller than 2 inch 

2um 20um 
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square due to the Ti posts and  a substrate smaller than 2 inch cannot be used 

in our system without changing our imprinting module. The epitaxial p+/i/p+ 

silicon substrate size used for fabricating nanowire detectors is smaller than 2 

inches because of p+ pre-deposition step to form the source contact. Thus, 

we’ve developed the UV NIL process for a small size substrate to apply to 

fabrication of nanowire detectors. 

    (a)                                                                                  (b) 
 

 
   (c)                                                                                 (d) 

 
Figure 3.8: (a) Plate structure during standard UV NIL process. 
(b) (c) (d) Plate structures during the imprinting process of  a 
small size substrate: (b) the substrate & the additional module 
placement before imprinting, (c) creating a temporary chamber, 
(d) pressing the substrate against the quartz plate through the 
film. 
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For imprinting to a substrate smaller than a 2 inch wafer, we use an 

additional module as shown in Figure 3.8 (b) without changing the wafer 

chuck. The additional module has trenches to pump out air between the plates 

and a thin film between the silicon substrate and wafer chuck to press the 

silicon substrate against the working mold. After creating a temporary chamber 

by inflating the seal on the chuck, the air between two plates is pumped out 

(Figure 3.8 (c)). Then, N2 gas from the inlet in the wafer chuck presses the 

substrate to the quartz plate through the film (Figure 3.8 (d)). This process can 

be applied to make a working mold with a small size master mold as well as a 

small size imprinted sample with our standard quartz working mold. The 

pattern transfer results from the small size silicon master mold to the quartz 

plate are shown in Figure 3.9. 

    
(a)                                                                (b) 

 
Figure 3.9: The optical images of the results of UV NIL on a 
small size substrate. (a) The small size silicon master mold. (b) 
The result after the quartz plate is imprinted with the master mold 
in (a). 
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3.4.3 Patterning on PDMS Layer 

The PDMS layer showed a good process result for filling the spaces 

between the nanowires without deforming them. However, the PDMS layer 

has some compatibility issues with the standard photolithography process 

used for patterning ITO and contact pads. First of all, the surface of the PDMS 

layer should be glassified before coating photoresist on it due to its porous 

surface. Thus, the PDMS layer after photoresist post baking had cracks, which 

make short circuits in the device areas after metallization. Secondly, the 

PDMS is swollen in acetone so we could not dip the PDMS coated sample for 

a long time in the acetone solution for the lift-off process. Lastly, the adhesion 

between ITO and PDMS was not good so wet etching way to pattern ITO was 

difficult. The following paragraph is the revised fabrication flow to overcome 

the PDMS issues described above. 

The Process flow for NW fabrication is shown in Figure 3.10. Until 

Process steps forming vertical nanowires & Ni silicide, the same process flow 

in section 3.3 is used. After forming Ni silicide on the top of the nanowires, 

silicon dioxide was deposited to a 100nm thickness on the substrate in the 

AJA sputtering machine (step (c)). This oxide layer prevents the devices from 

being shorted by the PDMS cracks. The diluted PDMS was then coated by 

spinning at 3500 RPM and baked for over 10minutes at 120 degree (step (d)). 

The coated PDMS layer was etched until NW tips are exposed in an Oxford 

P80 RIE etcher with the parameters described in Table 3.2. Then, the oxide 
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layer on the nanowire tips are etched in the P80 RIE machine with parameters: 

pressure 50mTorr, RIE power 200W, CF4 gas flowrate 3sccm, and O2 gas 

flowrate 10 sccm (step (f)). This CF4 gas flowrate improves the selectivity of 

the oxide to the silicon nanowire. Photolithography using NR9-3000 resist was 

then used to define Ti/Au contact pads at the outside of the photoactive region 

(step (g)). Before coating the photoresist, O2 plasma or O3 treatment is 

needed to glassify the surface of PDMS layer before dispensing the 

photoresist. Since the PDMS layer has more cracks under a high power 

plasma machine, we did descum step in Oxford RIE P80 with the NIL under 

layer photoresist etching condition described in Table 3.1. Then, a Ti/Au 

(15nm/ 200nm) stack was evaporated and lifted off to form the contacts. In lift-

off step, PDMS swells in the acetone solution so we dipped the sample for 

only 1minute and sprayed acetone solution on the sample to minimize the 

layer from being swollen. This process was repeated with a different mask for 

the ITO layer on the photoactive region. ITO was sputtered on the sample at 

120 degree and lifted off to form the transparent contacts above the 

photoactive region (step (i)). Since the ITO was sputtered at high temperature, 

the PDMS layer had many cracks after sputtering and patterns formed by lift-

off step were irregular and there remained a thick residue. These made the 

ITO region disconnected with the contact pad lines when forming ITO regions 

before Ti/Au contact pads formation. Thus, forming contact pads before ITO 
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deposition was the best way to minimize the number of cracks and prevent the 

contact lines from being open with the ITO layer. 

 

Figure 3.10: The revised process flow for the fabrication of 
vertical silicon nanowire detector arrays. 

 

3.5 Core Shell Structure  

Nanowires using surface states have theoretically high gain and low 

dark current due to the high surface to volume ratio. Thus surface states play 

a key role in view of device performance. As discussed in chapter 2, surface 

state density depends on the material used and the surface imperfections, 

which arise from accumulated charges, or chemical and mechanical defects 

occurring during the fabrication. This uncertainty related with fabrication 

processing hinders surface state nanowires from entering commercial 

products. Additionally, the thermally generated carriers around the surface of 

the nanowire contribute to the dark current of the device with its gain. The 
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thermally generated electrons will recombine with the charged trap states, 

leaving the generated holes in the center of nanowire due to the built-in field. 

This operational mechanism leads to a high dark current at room temperature 

and degrades the device performance. To overcome these obstacles, we 

propose a core-shell structure silicon nanowire and designed the optimized 

conditions based on simulation results. From the next paragraph, we will 

discuss about this new structure and the simulation results in detail. 

 

3.5.1 Operational Mechanism of Core Shell Nanowire Detector 

 

Figure 3.11: Energy band diagram of core shell structure silicon 
nanowire: (a) under light off status at low temperature, (b) under 
light on status at low temperature, (c) light off status at room 
temperature. 
 

As shown in Figure 3.11, in our new structure the nanowire consists of 

a p-type core layer and a n-type shell layer, which creates built-in potentials at 

two interfaces: between the core and shell layers, and between the shell layer 

and the surface of the nanowire. The magnitudes of these potentials depend 
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on the doping concentrations of each layer, the surface state density, and the 

radius of the wire. A high shell doping layer creates a large potential barrier in 

the core of wire and depletes the core. Additionally, the built in potential 

created by the shell layer and surface separate the core from the surface.   

When the device is operated at low temperature without light, the core 

of the wire is fully depleted and the number of carriers thermally generated is 

negligible. Thus the dark current of the device is very low. When light with 

higher than band gap energy illuminates on the nanowire, electron hole pairs 

are generated in the nanowire. By the built-in fields at each interface of the 

core, shell, and surface, the generated electrons are confined in the shell and 

the generated holes in the core of wire. The confined electron in the shell does 

not contribute to the overall current of wire with the applied field since the shell 

layer has a p/n junction barrier at the top or bottom of the wire. Thus, it will 

remain in the shell layer until it recombines with an empty surface state. The 

confined hole contributes to the photocurrent with an applied field to the wire. 

The confined hole will recombine only when it overcomes the built-in field due 

to the p/n junction in the radial direction. When operated at room temperature, 

the electron and hole pairs are thermally generated at the surface of the wire. 

However, the confined carriers in the shell do not contribute to the dark current 

due to back to back contacts of the wire as presented earlier. Thus, the core 

shell nanowire structure is a promising device structure with high gain and low 

current. 
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In the core shell nanowire, it is important to notice that another process, 

that in which photons with smaller energy than the band gap are absorbed by 

sub-band transition, can occur through the high built-in field at the core shell 

interface. Under IR light illumination, transitions between the valence band of 

core and the conduction band in the shell occur and leave an electron or a 

hole in each layer as shown in Figure 3.12. The confined carrier in the core 

can contribute to photocurrent until it is removed by recombination, while the 

confined carrier in shell remains in the shell by the back to back electrodes of 

the wire. The carrier confined in the core needs to overcome the core shell 

barrier to recombine as explained earlier so that we can expect significantly 

improved gain in our new device with wide detection spectrum. 

 

    

(a)                                                     (b) 

Figure 3.12: Transitions in core shell structure nanowire (a) 
band to band transition in core layer (b) transition between 
valance band in core to conduction band in shell. 
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3.5.2 Simulation Results on Core Shell Nanowire 

As explained in the previous section, the performance of a core shell 

structure depends on the doping concentration and dimension of each layer. 

We performed device simulations with the commercial device simulator 

SLVACO to obtain the optimal parameters. Since the device simulator does 

not include sub-bandgap transition effect we optimized the parameters using 

the optical response at 635nm light source. The nanowire structure dimension 

used in the device simulation is shown in Figure 3.13.  It has an 85um radius 

p-doping core, a 40nm thick n-doping shell, and a p+ doped layer on the top of 

the wire to reflect the real device. A pseudo 3D simulation used in the 

simulation is described in Chapter2, with 3 varying parameters: the p core 

doping concentration, the n shell doping concentration, and the surface state 

density.  

 

Figure 3.13: Core shell nanowire structure and dimension for the 
device simulation. 
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(a)                                                              (b) 
 
Figure 3.14: Simulation gain results of core shell nanowire with 
varying core p doping and n doping concentration (a), and 
surface density states (b).  
 

Figure 3.14 shows the gain simulation results with varying p type core 

doping and n type shell doping concentrations. At a lower p core doping 

condition than a n shell doping concentration, gain is low since the built in 

potential in the radial direction due to the p/n junction is not enough to confine 

the generated holes and they easily recombine with electrons in the n shell 

layer. As the p core doping concentration increases, gain increases 

dramatically and gain variations by p or n doping concentration changes are 

negligible. As shown in Figure 3.14(b), our core-shell structure shows another 

promising performance result: the influence of surface state density on the 

device gain is negligible. In the case of the surface state nanowire structure, 

as shown in Figure 2.6, the peak gain point exists as the ratio of the p wire 

body doping concentration and density of state, and the gain drops as the ratio 
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moves away from the peak ratio. The characteristics presented above are very 

beneficial ones to the design and fabrication of devices because those 

characteristics give us sufficient process margins. 
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Figure 3.15: Simulation results on primary dark current with 
varying shell doping concentration. 
 

The core shell structure also allows for a dramatic decrease in dark 

current.  We determine the primary dark current by taking the total dark current 

and dividing it by the gain and the result is shown in Figure 3.15.  From the 

plot, we observe that the primary dark current in the core shell structure is 

reduced by 2 to 3 orders of magnitude at certain core dopings with increasing 

shell dopings. This is due to the increase of the p/n junction barrier, which 

isolates the nanowire channel from the surface states. Thus any thermionic 

generated electrons are between the surface states and the n-type shell. 

However, due to the p-type contacts which create back to back p-n junctions, 



64 
 

these thermally generated carriers do not contribute to the dark current.  With 

this reduction, room temperature operation is expected to be possible while 

operating with high sensitivity. 

 

3.5.3 Doping Process for the Fabrication of Core Shell Silicon Nanowire 

.From the simulation results presented in the previous section, 

3X1017/cm2 p doping core concentration and 1X1019/cm2 n doping 

concentration were chosen for the fabrication of core shell silicon nanowire. 

Thus, we used p+(3X1019/cm2, substrate)/p(3X1017/cm2, 4um)/p+(3X1019/cm2, 

500nm) epitaxial silicon wafer as a substrate. For the doping of the shell layer, 

SOD (Spin on Doping) method was adopted. SOD process consists of two 

steps: SOD coating on a substrate and diffusion using RTA (Rapid Thermal 

Annealing). Diffusion method using RTA has two kinds of methods: Direct 

diffusion and Proximity diffusion8. Direct diffusion method is to coat the SOD 

material directly on the substrate used for device fabrication and the diffusion 

step is done at high temperature in the RTA machine. Proximity diffusion 

method is to use another substrate for coating SOD material and the coated 

source is placed above quartz spacers on the silicon substrate. Diffusion step 

is then done in the RTA machine. Since diffusion process is done after high 

aspect ratio nanowires are formed, there are two problems in adopting the 

direct diffusion method for the fabrication. First, due to thermal mismatch 

between the materials, the SOD material makes the nanowires fall or bend 
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during the curing step. Secondly, SOD removal after diffusing step is not 

perfect due to the capillary force between the nanowires. Thus, we chose the 

proximity diffusion method to form n+ shell layers.  

 

Figure 3.16: RTA annealing temperature vs. dosage density. 
 

To obtain the optimal diffusion condition, we measured the dosages of 

the diffused SOI (Silicon Oxide Insulator) samples by performing Hall effect 

measurements.  If a semiconductor carrying current I is placed in a transverse 

magnetic field B, an electric field will be induced in the direction perpendicular 

to both I and B. This phenomenon, known as the Hall effect, is used to 

determine carrier type and doping concentration. The induced voltage 푉 , 

known as the Hall voltage, is given by 

(푛푑) = | | (3.1) 

where n is the doping concentration and d is the sample thickness. 
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Our SOI substrate has a 240nm thick low doped p type silicon layer. 

We coated n type (phosphorous solution) SOD material on the source wafer 

and baked it on a hot plate for 15 minutes at 200 degree. The SOD coated 

source wafer was placed on the quartz spaces on the SOI sample and 

diffused at the RTA machine. RTA process step consists of prebaking period 

for 150 seconds, ramping time for 30 seconds, and holding time for 35 

seconds at a diffusion temperature. With assuming 240nm thickness p layer of 

the SOI was changed to n type layer by the diffusion process, Figure 3.16 

shows the measured dosage results with varying diffusion temperatures. 

Around 770 degree diffusion temperature, we could obtain the target dosage 

value. 

The fabrication flow for core shell silicon nanowire device was applied 

to the same process flow described in Chapter 3 except for adding diffusion 

process. Nickel nano-scale dots were patterned on the p+/p/p+ epitaxial silicon 

wafer by UV nanoimprint lithography method and vertical silicon nanowires 

were formed after ICP/RIE anisotropic silicon etching with nickel dot mask. 

Proximity diffusion process described earlier was done for creating n+ shell 

layer of the nanowires and SiO2 sputtering step followed. Then the silicon 

nanowire substrate was coated with a diluted PDMS and etched until nanowire 

tips are exposed.   

 

3.6 Conclusion 
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Through the use of UV nanoimprint lithography(NIL) and conventional 

etching technology, vertical silicon nanowire arrays have been fabricated. NIL 

is a very promising process technology since it can quickly and cheaply realize 

nano-scaled patterns on a large area. Many devices requiring high resolution 

and large area addressable image arrays can benefit from this technology.   

One of the difficulties encountered during processing is the filling of the 

space between the nanowires with a dielectric material. When the thermal 

expansion coefficient between the dielectric material and silicon does not 

match, vertical silicon nanowires can fall down or bend.  We have developed 

the process using PDMS to solve this problem. PDMS is a prominent material 

to solve this issue even though there are still compatibility problems with the 

conventional lithography patterning. We believe this issue can be solved by an 

optimal design on device dimensions which is free of distortion while keeping 

the device performance. 

The characteristics of the nanowires using surface states highly depend 

on the surface state status, and fabrication process is one of factors to 

influence on the surface status. Based on simulation results, the proposed 

core shell structure shows the device characteristics are free from surface 

state effects while enhancing the gain and reducing the dark current.  
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Portions of this chapter have been published in the Proceedings of 

SPIE 2010. ; Kim, Hongkwon; Zhang, Arthur; Lo, Yu-Hwa, SPIE, 2010.  The 

dissertation author was the primary investigator and author of this paper. 
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Chapter 4 

Device Performance of the Silicon Nanowire at IR Wavelengths 

 

4.1 Introduction 

Nanowires using surface state effects have been widely researched on 

their characteristics depending on their materials and reported on their high 

sensitivity performance. However, silicon nanowire photo response 

characteristics at IR wavelength have not been characterized yet. The studies 

on the device performance of silicon nanowires at IR wavelength are very 

beneficial to high sensitivity IR detectors and imagers. Based on the results 

from modeling and simulation presented in Chapter 2, silicon nanowire arrays 

were designed and fabricated with nanoimprint lithography and etching 

method. To quantify the characteristics of them, we performed measurements 

with various conditions from room temperature to low temperature. In this 

chapter, we describe from the measurement method to the characterized 

results and discuss their performance. 

 

4. 2 DC I-V Characteristics of Silicon Nanowires under IR Light  

To test the optical response to IR light, alignment is important to obtain 

the exact data. We first aligned the optical components and the device set in 

the cryo-chamber with a visible wavelength light source which has an optical 
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fiber output. Then, the visible light optical fiber source was switched to the IR 

(1550nm) optical fiber source.  

To measure the optical response of our device in the IR regime, we 

performed DC I-V sweeps and measured the photocurrent with an Agilent 

4155 parameter analyzer. At room temperature, we could not obtain 

discernable photocurrent due to the high dark current. However, as the 

temperature is decreased, the dark current dropped dramatically so that we 

could measure the photocurrent response of our device to IR light.  

To obtain the exact information of the IR beam size after focusing 

through a lens, we measured the photocurrent variations of our device by 

moving the stage with a micrometer scale at 90K temperature. The measured 

FWHM (Full Width at Half Maximum) of the photocurrent variations was 

around 500um. The followings are DC measurement results. 

Figure 4.1 shows the representative current vs. bias voltage curves of a 

10X10 vertical silicon nanowire array with varying optical power using the 

1550nm light source. The vertical silicon nanowire has a 200nm diameter and 

a length of 4um, with a pitch of 1um. The space between nanowires is filled 

with polymide. The power values in the graph shows the impinged light power 

on the 10umX10um device area. In the current device, the top electrode of 

nanowire consists of nickel silicide, a non-transparent electrode, so photons 

can only interact with the nanowires through the exposed side wall.  
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Figure 4.1: Current vs. bias voltage of a 10*10 vertical silicon 
nanowire array with varying incident light power at 130K.  

 

From Figure 4.1, our device shows photoresponse at very low IR light 

power and the current increases with increasing bias voltage. Since this 

measurement was performed at low temperature, the IV curves show an 

exponential behavior due to the p+ contact/p- nanowire energy barrier for hole 

injection. The I-V plots also show that the current saturation with increasing 

the light power. This is due to a decreasing hole capture time with the 

increasing hole population in the nanowire. These effects will be seen more 

clearly in the next figure and discussed in detail. 
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4.3 Photoresponsivity with Varying Operational Temperature 
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Figure 4.2: Dependence of photoresponsivity to 1550 nm light 
on the incident optical power. The exceedingly high responsivity 
(> 100 A/W) is due to high phototransistive gain. The magnitude 
of gain depends on both the incident optical power and the 
temperature. 

 

Figure 4.2 shows the dependence of photoresponse to 1550 nm light at 

different temperatures. The optical power per nanowire in the x-axis is the 

normalized value calculated from the total power impinging upon a 10x10 

nanowire array divided by the number of nanowires. Essentially the power in 

Figure 4.2 is the amount of IR power over 1x1 um2.  Several phenomena are 

noticeable in Figure 4.2. First and foremost, the device shows an enormous 

gain to enable detection of picowatts of 1550 nm light, setting up a record for 
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silicon IR detectors. The result indicates the feasibility of multi-million pixel 

silicon nanowire infrared image sensors with adequate sensitivity. Secondly, 

the phototransistive gain of the device decreases with the increasing photon 

flux, showing a strong photocurrent saturation effect. Thirdly, the magnitude of 

gain is temperature dependent, peaked between 170 and 200K. In the 

following we explain these three findings in Figure 4.2. 

The high phototransistive gain indicates the large difference between 

the hole transit time and the hole capture time.  The former is estimated to be 

100 ps and the latter in the order of 100 us. The strong gain saturation effect 

indicates that the nanowire detector functions as an automatic gain controller, 

keeping the output current and overall power consumption nearly constant 

over a wide range (i.e. more than 5 orders of magnitude) of input power levels. 

The gain saturation is in part related to the current saturation effect of a 

transistor but mostly attributed to the change of hole capture time with the 

input optical power. As the input power increases, more photo-excited holes 

are present in the core of nanowire, thus reducing the energy barrier between 

the center of the wire and the surface. As the energy barrier is reduced, the 

hole capture time is reduced, thus decreasing the gain of the device.  

Finally, to explain the peculiar temperature dependence of gain, we 

need to consider two counter acting effects that give rise to the optimal device 

operation temperature between 170-200 K for this particular device. As 

temperature rises, the photo-generated holes become more easily captured by 
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the surface states due to the higher probability of overcoming the radial 

potential barrier between the core of the nanowire and the surface. The 

reduction in hole capture time causes a reduction of the phototransistive gain. 

On the other hand, when the temperature continues to decrease, the holes in 

the nanowire experience greater difficulties in emitting from the anode 

because of the potential barrier between the nanowire and the p+ contact (the 

source of the nanowire phototransistor). The above temperature dependence 

of gain is schematically illustrated in Figure 4.3. 

 

 

Figure 4.3: Schematic illustration of the temperature dependent 
gain at high and low temperatures. (a) shows the nanowire 
structure. (b) is energy band diagram in the A-A` direction. At 
high temperature, the probability of holes overcoming the radial 
potential barrier (φ1) increases. (c) shows energy band diagram 
in the B-B` direction. At low temperature, the energy barrier 
between the nanowire and the p+ contact (φ2) limits the hole 
emission efficiency and subsequently, the magnitude of gain. 
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4.4 Visible and IR Responsivity Characteristics 

Figure 4.4 demonstrates the operation of single crystal silicon nanowire 

detectors over visible (above bandgap) and infrared (sub-bandgap) 

wavelengths. The device demonstrates ultra-high sensitivity to visible (635 

nm) light down to sub-femtowatts because of high gain and high quantum 

efficiency while the device also achieves decent IR sensitivity (picowatts as 

shown in Figure 4.4).   
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Figure 4.4: Photocurrent vs. incident light power under visible 
(635 nm) and IR (1550 nm) light at varying temperatures. Solid 
lines and dash lines are measurement data under 1550nm IR 
light and 635nm visible light. 
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The disparity of sensitivity between visible and IR detection is attributed 

to two factors: material absorption coefficient and waveguiding effect that 

couples light from the polyimide into the high index semiconductor. For the 

former, the absorption coefficients between the body and the surface of 

nanowires differ by about two orders of magnitude. For the latter, simulations 

from earlier publications have shown that photons at shorter wavelengths can 

be more effectively coupled into the nanowires from the polyimide area due to 

the waveguiding effect along the length of standing nanowires1,2. At UV (e.g. 

350-400 nm) wavelengths, the waveguiding effect can enhance the external 

quantum efficiency by as many as 50 times above the physical fill factor. Such 

waveguiding effect is much weaker as the wavelength increases, resulting in a 

lower external quantum efficiency. 

 

4.5 Conclusion 

The characterization of vertical silicon nanowire arrays fabricated with 

nanoimprint lithography has shown their unique properties. They have an 

ability to detect pico watts level of light per nanowire at 1550nm IR light and a 

femto watt level at 635nm visible light. Both wide spectral response and high 

sensitivity are due to the high surface to volume ratio of device. The 

responsivity at visible light is caused by band to band transition and IR 

responsivity is caused by band to surface state transition.  Surface to band 

transitions are not discernable in bulk material since the surface to volume 
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ratio is low. However, silicon nanowires have a high surface to volume ratio, 

which makes the detectable wavelengths broaden by band to surface 

transition. High sensitivity also arises from the high surface to volume ratio. 

The high surface to volume ratio induces a built-in field in the radial direction, 

which confines the carriers in the core of wire and substantially increases the 

lifetime of the confined carriers. These effects allow us to obtain recordable 

responsivity at 170K with silicon nanowire(100A/W per nanowire at IR light 

wavelength). 

 Measurement results of our silicon nanowire arrays using surface 

states also show the limitation in the application of these devices for 

commercial products. The operating temperature is too low due to the dark 

current and the controllability of surface state is uncertain. Thus, the core shell 

structure nanowire presented in the earlier chapter is the prominent device 

structure to overcome these issues. In the next chapter, we will discuss a 

more fundamental device structure and analysis to realize a silicon IR detector 

using sub bandgap transitions. 

 

 

 

Portions of this chapter have been published in the Proceedings of 

SPIE 2010., Kim, Hongkwon; Zhang, Arthur; Cheng, James; Lo, Yu-Hwa, 
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Chapter 5 

Silicon IR Detector Using Sub-bandgap Transitions 

 

5.1 Introduction  

Single crystal silicon has been widely used for visible wavelength 

photodetectors for several decades due to their high sensitivity and process 

compatibility. CCD and CMOS sensors are representative commercial 

products using bulk silicon properties. However, the detection abilities of those 

devices are limited at over 1100nm wavelengths due to the bandgap energy of 

silicon. To overcome this limitation, in earlier chapters we introduced silicon 

nanowires using surface state effects and achieved substantial sensitivity at IR 

wavelengths. However, we also found the limitations of that device through the 

characterization results. The core shell structure proposed in an earlier 

chapter is a promising nanowire photodetector structure. It can increase 

sensitivity, reduce dark current, and give us reliable and reproducible process 

margins. We have approached a way to fundamentally overcome the 

obstacles of the silicon material for the detection of IR light using sub-bandgap 

transitions. To see the results of our method, we have also developed a 

physical absorption coefficient model to quantitatively analyze the effects of 

sub-bandgap transitions. These results are very beneficial to the design of 

silicon IR detectors and allow us to predict the achievable performance of the 

silicon IR detectors. We have used a highly doped p/n junction silicon device 
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in our development of the sub-bandgap transition model, which is compatible 

with the core shell structure.  

 

5.2 Sub-bandgap Transition 

As explained in Chapter 2, photon absorption can occur when the 

photon energy is higher than the band gap energy and the absorption process 

follows the k-selection rule. However, silicon has a 1.1eV band gap energy 

and is also an indirect band gap material. Thus, the absorption coefficient of 

light over 1100nm wavelength is significantly lower than that of visible light.  

 

               (a)                                                            (b) 

Figure 5.1: (a) Band diagram under high electric field. (b) Wave 
functions in the confined p/n nanostructure. 
 

To enhance the absorption coefficient in the IR regime, we approached 

a design in view of both real space and k space. In real space, we used the 

Franz-Keldysh effect combined with the quantum confinement effect. Franz-

Keldysh effect makes the absorption coefficient nonzero at energies below the 

band gap when the material is under a high electric field 1. As shown in Figure 

5.1, when the band edges are tilted under high electric field, the envelope 
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functions for electrons and holes have a small probability tail within the 

normally forbidden band gap. This phenomenon enhances the optical 

transition probability of sub-bandgap photons when combined with the spatial 

confinement effect produced by the nano-scaled device dimension.  

In the view of k space, when impurities are introduced into the 

semiconductor, the wave vector is changed and the k-selection rule does not 

hold anymore. The localized impurity waver vector can be written by 

훹(푟) = 휓 (푟)푢(푟) 

휓 (푟) = 휋 ∗

/
푒푥푝	 ∗   (5.1) 

where u(r) is Bloch function and  a∗ = 4πεℏ/m∗q  is the effective Bohr radius 

of the localized state 2. Thus, introducing impurities relaxes the k-selection rule 

since the localized impurity state in k space is approximately flat. Given a 

geometry like that shown in Figure 5.2, where the junction layer thickness 

formed in the x direction is very thin compared to the y and z planes, we 

consider absorption to occur between an impurity state and a quasi-2D state. 

Figure 5.2 shows the device structure used for the device modeling of sub 

band optical transitions. Considering the core shell structure presented in 

previous chapters, this highly doped p/n junction silicon device structure is 

similar to the core shell junction layer in the radial direction of the nanowire. 
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Figure 5.2: Device structure for modeling absorption coefficient 
of highly doped p/n junction silicon device. 
 

5.3 Absorption Coefficient Model  

By the well known result referred to as Fermi’s “Golden rule”, the band 

transition rate between an initial state and a final state can be calculated with 

the matrix element term. The matrix element is the scalar product of the initial 

state wave function with the function that results from differentiation on the 

final state wave function. Then, the absorption coefficient can be derived from 

the relation between the band transition rate and the occupied or empty 

probabilities of the initial and final state 2-7. Here, to enhance the detection 

spectrum with a silicon material device, we have considered the combination 

of the Franz Keldysh effect, the quantum confinement, and the impurity state 

absorption. We start by obtaining the matrix element of the transition between 

an impurity state and a quasi-2D state. This transition means that the 

absorption of a sub-bandgap photon excites a quasi 2D electron and a hole in 

the acceptor state or a quasi-2D hole and an electron in the donor state. For 
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simplicity, we have assumed that the light wave is linearly polarized in the x 

axis. 

Generally, the matrix element between the initial hole state in the 

valence band and the final state in the conduction band is defined as, 

2
*22*2

)()(  



V heheif dxdydz

x
rprM        (5.2)  

where 훹 is the wave vector of each state. In our case, the wave functions for 

the electrons in the 2D quasi state is  

휑∗ =
  ( ) , ( )

√
    n: nth quantization state  (5.3-a)     

where 휉 , (푥)is x-dependent wavefunction, V is volume, and 푢 (푟) is Bloch 

function. Silicon is an indirect bandgap material and has 6 covalent bonds. 

Thus, the number of k-vectors at the conduction band minimum normal to the 

x-axis, 푘 , is 4 (i.e. 4 fold case) and the number of k-vectors at the conduction 

band minimum in parallel with x-axis, 푘 , is 2 (i.e. 2 fold case). The wave 

function of the nth quantized state can be written as 

휑∗ =
   ( ) , ( )

√
  4 fold case (5.3-a’)  

휑∗ =
  ( ) , ( )

√
   2 fold case (5.3-a’’)  

In case of holes in the impurity state, the wave function is 

휑 = 휂(푟, 푥 )푢 (푟)  (5.3-b) 
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where 휂(푟, 푥 ) is an envelope function which defines how the hole is localized. 

Equations (5.3-a’), (5.3-a’’), and (5.3-b) should satisfy the following 

normalization conditions. 

∫ 휑 ,
∗ 휑 , 푑푥푑푦푑푧 = 1 , ∫ ,

∗
, = 1  

		∫ ,
∗ ( ) , ( )

= 훿   ∫
∗( ) ( )

= 1    (5.4) 

where L is constrained to a small distance. Since uc,v are periodic functions 

with the lattice constant as the period, they can be represented as a Fourier 

series  

 G
iGr

Gc earu )( ,     '
'

')(
G

riG
GV ebru  (5.5) 

where 퐺	푎푛푑	퐺  are the reciprocal lattice vector and 푎 	푎푛푑	푏  are the Fourier 

coefficients. We can represent the position vector, r, as the sum of a lattice 

vector 휌 , ,  and a position vector 훾 within one unit cell: 

  lkhr ,,       (5.6) 

where (h,k,l) are the indices for the position of the unit cell. Plugging equations 

(5.3), (5.5), and (5.6) into (5.2) for the 4 fold case, the matrix element 푀  

becomes 

푀 = ℏ ∑ 푎∗ 푏 퐺, ∫ 푒 푒  (푒 ( ) 휉 ,
∗ (푥)휂(푟)푑푥푑푦푑푧 +

		∫ 푢∗푢 푒  푒 ( ) 휉 ,
∗ (푥) ( )푑푥푑푦푑푧 (5.7) 

In equation (5.7), the second term is negligible because the fast-varying part 

푢∗(푟)푢 (푟) is orthogonal so the integration within each unit cell is zero.  Within 
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the unit cell, the slow varying part: 푒 ( ) 휉 ,
∗ (푥) ( ) does not change too 

much. Thus the second term in equation (5.7) is almost zero. To simplify more, 

we use the matrix element, |푀 | = ℏ |∑ 푎∗ 푏 퐺 | . This matrix element, 

|푀 | , is an average matrix element for the Bloch states for the bands in the 

case of no impurities 8. Thus, equation (5.7) can be simplified as 

푀 ≅ | | ∫ 푒 (  )  ∫ 휉 ,
∗ (푥)휂(푟)푑푥 푑푦푑푧( 	 ) (5.8) 

Here, we define a function G’n(y,z) 

퐺′ (푦, 푧) = ∫ 휉 ,
∗ (푥)휂(푟)푑푥   Unit: 퐿 √푉⁄  (5.9) 

풢′ (푘 ) = ∫ 푒 (  ) 퐺′ (푦, 푧)푑푦푑푧( 	 )     Unit:	√푉    (5.10) 

Thus, 풢′(푘 )  is the 2D Fourier transform of 퐺′(푦, 푧) . The matrix element 

equation (5.8)  can be written as 

푀′ = | | 풢′ (푘 )          for the nth quantization state  (5.11) 

The total absorption coefficient is the sum of the absorption coefficient 

between each pair of states in the conduction band and valence band. When 

using the matrix element result, equation (5.11), the absorption coefficient due 

to all available quasi-2D electron states and impurity acceptor states can be 

written as 

훼( ) =		 | |  ∬ |풢′ (푘 )| 훿(퐸 + 퐸 − 퐸)(1 − 푓 −
, ,

푓 )
( )

푑 푘 , − 푘  휌 (퐸 )푑퐸          (5.12)   
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where 휌 (퐸 ) is the density of states for the acceptor states extended from the 

valence band into the bandgap region. If 풢′ (푘 )  depends only on the 

magnitude but not on the direction of 푘  , then 푑 푘 ,  can be written as 

2휋푘 ,푑푘 ,. In equation (5.12), the net absorption has the Fermi function term: 

(1 − 푓 )(1 − 푓 ) − 푓 푓 = 1 − 푓 − 푓 . The Fermi function for holes 푓 	is defined 

as the probability for a state to be occupied by a hole. This definition treats 

holes in the same way as electrons except that the hole energy is pointing 

downward from the valence band: hole energy at the top of the valence band 

is zero and holes deeper in the valence band has a higher positive energy. In 

consistency with this definition, we use 훿(퐸 + 퐸 − 퐸) in the Fermi Golden 

rule. We also multiply the spin-degeneracy by two because the light absorption 

has to satisfy the conservation of spin angular momentum and the linearly 

polarized photons have no spin.  In other words, once the spin state of one 

carrier (e.g. electron) is determined, the spin of the other carrier is also 

determined. Using the effective mass approximation for electrons in a type-II 

quantum well  

퐸 , = 퐸 − 푒  + 푉 + 퐸 , + ℏ (  ) (5.13)  

훿(퐸 + 퐸 − 퐸) = 훿 퐸 − (퐸 + 푒  + 푉 − 퐸 − 퐸 , − ℏ (  ))  (5.14) 

where  is the built-in potential of the p/n junction and V is the applied reverse 

bias. Substituting equations (5.13) and (5.14) into (5.12) and using the 

properties of the delta function, we have 
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훼′(퐸) = | |  ∫ |풢′ (푘 )| (1 − 푓 − 푓 )휌 (퐸 + 푒  + 푉 − 퐸 −
, 

퐸 , − ℏ (  ))
( )

푑 푘 , − 푘     4-fold (5.15)    

In the case of 2 fold, applying the same procedure described above with 

equation (5.3-a’’) and equation (5.16) below, the absorption coefficient can be 

written as  

훼′(퐸) = | |  ∫ |풢′′ (푘 )| (1 − 푓 − 푓 )휌 (퐸 + 푒  + 푉 − 퐸 −
,

퐸 , − ℏ )
( )

푑 푘 ,    2-fold (5.15’) 

In equation (5.15’), the defined function, 퐺′′ (푦, 푧), is 

 퐺′′ (푦, 푧) = ∫ 휉 ,
∗ (푥)휂(푟)		푒 푑푥  (5.16) 

풢′′ (푘 ) = ∫ 푒 ( ) 퐺′′ (푦, 푧)푑푦푑푧( 	 )  (5.17) 

풢′′(푘 ) is the 2D Fourier transform of 퐺′′(푦, 푧). Equations (5.15) and (5.15’) 

show the resulting absorption coefficient when a quasi-2D electron and a hole 

in the acceptor state are created under a reverse biased voltage. 

 

5.4 Simulation Results 

In the previous section, we derived the absorption coefficient model 

including effects to enhance the absorption coefficient at IR wavelengths. In 

view of sub-bandgap absorption for IR detection, the derived model may 

produce substantial sub-bandgap absorption since we have considered the 

Franz Keldysh effect, the quasi-2D quantum confinement effect, and the 
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impurity state effect. In this section, we provide a quantitative absorption 

coefficient value at IR wavelengths and determine the optimal parameters to 

maximize the absorption coefficient. This work was done in collaboration with 

our group members, Yu-Hsin Liu and Yuchun Zhou. 

To obtain the absorption coefficient value, we first defined a p/n junction 

and boundary condition and used a Poisson Solver to find the potential profile 

and the position of the Fermi level at equilibrium and at reverse bias. Then, we 

used SILVACO device simulator to obtain the wavefunctions for electrons and 

holes: 휉 , (푥) and 휉 , (푥) and the corresponding quantization energies: 퐸 ,  

and 퐸 , . The structure used in the SILVACO simulation to obtain the wave 

functions and energy levels was a p/n junction photodetector, shown in Figure 

5.2. In the case of the envelope function of impurity states, 휂(푟), we used the 

1s hydrogenic form 2,  which is described in equation (5.1). Since 휂(푟)  is 

centered around the impurity position with a radius of a*, we can approximate  

휂(푟) as 

휂(푥, 푦, 푧;	푥 ) =
( ∗) ⁄ 						푤ℎ푒푟푒							|푥 − 푥 | ≤ 푎∗, |푦| ≤ 푎∗, |푧| ≤ 푎∗ (5.18) 

휂(푥, 푦, 푧;	푥 ) = 0														푒푙푠푒푤ℎ푒푟푒  

 Plugging equation (5.18) into equation (5.9) for the 4 fold case gives us: 

퐺′ (푦, 푧) ≅ 휉 ,
∗ (푥 )

∗

( ∗) ⁄      |푦| ≤ 푎∗ , |푧| ≤ 푎∗                 

퐺′ (푦, 푧) ≅ 0				푒푙푠푒푤ℎ푒푟푒 (5.19) 

Substituting equation (5.19) into equation (5.10) results in: 

|풢′ (푘 ;	푥 )| = 휉 ,
∗ (푥 ) (2푎∗) ⁄ [(  ) ]

[(  ) ]
  (unit: √푉)     (5.20) 
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Substituting equation (5.20) into equation (5.15) and simplifying, the 

absorption coefficient for the type-II quantum well is  

훼 ( ) ≅ | | (2푎∗)  ∫ 푑푥 [푃(푥 )] 휉 ,
∗ (푥 )

( 	 	 )
  

∫ [  ]
[  ]

(1 − 푓 − 푓 )휌 (퐸 + 푒  + 푉 − 퐸 − 퐸 , − ℏ )
 ( )

푑 푘   (5.21)  

where P(xo) is the p-doping profile. Here, as shown in Figure 5.3, we assume 

that all impurity states are concentrated at one single energy, 휀, above the top 

of the valence band. Then the impurity density in equation 5.21 can be 

approximated as  

휌 = 푃(푥 )훿 (퐸 + 휀 + 푒  + 푉 − 퐸 − 퐸 , − ℏ ) (5.22) 

Let  푢	 ≡ ℏ   . Substituting equation (5.22) into (5.21) and integrating with 

respect to u, then the absorption coefficient is written as 

훼 ′( ) ≅
푒 ℎ|푀 |
2휖 푚 푐푛퐸

1
푉
(2푎∗)

2퐴
(2휋) ( 	 	 )

푑푥 	

												[푃(푥 )] ∑ 휉 ,
∗ (푥 ) (1 − 푓 − 푓 )푃(푥 ) [  ]

[  ] ℏ
  (5.23) 

where 푘 = ℏ
퐸 + 휀 + 푒  (푥 ) + 푉(푥 ) − 퐸 − 퐸 ,  in the sinc function. 

When applying this procedure to the 2 fold case, the absorption coefficient can 

be given by  

훼 ′′( ) ≅	 | | (2푎∗) ( )
( ∗) ⁄ ( )

 ∫ ( 	 	 ) 푑푥 	 	

														[푃(푥 )] 휉 ,
∗ (푥 ) (  )

(  )
(1 − 	푓 − 푓 )푃(푥 )

ℏ
	  (5.24) 



90 
 

where 푘  = ℏ
퐸 + 휀 + 푒  (푥 ) + 푉(푥 ) − 퐸 − 퐸 ,  in the sinc function. 

By summing over all “n” that satisfy 퐸 , ≤ 퐸 + 휀 − 퐸 + 푒  (푥 ) + 푉(푥 ) .),  

equation (5.23) and (5.24), we can easily calculate the absorption coefficient 

as a function of photon energy for the 4 (or 2) conduction band minima normal 

(or parallel) to the x-axis. 

Figure 5.3: Energy band diagram with the concentrated impurity 
states. 

 

Figure 5.4 shows the calculation results of equation 5.23 and 5.24 with 

varying photon energies and reverse bias voltages in the device having 

1x1019/cm3 doping concentrations in both the n and p layers. The calculation 

result shows that the absorption coefficient values are significantly enhanced 

at IR wavelengths. For example, the absorption coefficient at 1310nm at zero 

applied bias is over 2500/cm, which is more than a 7 order of magnitude 

enhancement compared to bulk silicon. In the plots, we notice that the 

absorption coefficient depends on photon energy, reverse bias voltage and 

doping concentration. This phenomenon is highly related to the number of sub 

Acceptor states 

Eg
e|bi(xo)+V(xo)|

xo

En,10

En,20
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bands. Increasing the reverse bias or the built-in potential by doping 

concentration, the number of sub-band increases. Thus, the absorption 

coefficient is enhanced substantially.  

 

(a)                                                     (b) 

Figure 5.4: Absorption coefficient calculation results of 
equations 5.25 and 5.27. (a) Varying reverse bias (n/p doping 
concentration: 1e19/cm3 /1e19/cm3). (b) Varying doping 
concentration at  -2 V.  

 

 As shown in the simulation results, higher doping concentrations are 

preferred to enhance the absorption coefficient of silicon at IR wavelengths. 

During device design, however, we need to consider some practical points. 

For example, a high doping concentration induces a high built-in field, which 

increases the tunneling current of devices. Thus, high dark current by 

tunneling will degrade the device performance. To reduce the tunneling dark 

current, a co-doped region in the depletion area is also considered in our 

simulation. A co-doped region formed in the center of the depletion region 

reduces the average field in the junction and thus the tunneling current. 
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Actually, the co-doped layer is a reasonable assumption of the real diffusion 

process. Although this co-doped region also decreases the absorption 

coefficient due to the reduction of the electric field in the depletion region, the 

absorption coefficient decreases less quickly than the tunneling current 

decreases, as shown in Figure 5.5. Thus, we optimized the doping 

concentration and co-doped thickness for low leakage current, while keeping 

an acceptable absorption coefficient. For example, the doping concentrations 

of n and p layers can be selected from 5X1018/cm3 to 7X1018/cm3 to obtain 

over 1000/cm absorption coefficient at 1310nm wavelength while keeping the 

dark current density under 10-2/cm2 at -2V.   

 

Figure 5.5: Absorption coefficient (at 1310nm) and tunneling 
current density variation as the co-doped layer thickness 
increases. Doping concentration of n/p layers are 6X1018/cm3 
/6X1018/cm3 and reverse bias is -2V. 
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5.5 Absorption Coefficient Measurement Results  

            

Figure 5.6: Absorption coefficient analysis model from the 
measured photocurrent. 
 

To confirm our silicon absorption coefficient model at IR wavelengths, 

we fabricated silicon p+/n+ junction devices and measured the photocurrent to 

characterize the absorption coefficient. Highly doped epitaxial p-type silicon 

wafer (1.3X1019/cm3) was used for the substrate and a n-type layer was 

formed by the proximity diffusion method with SOD based on the dosage data 

in Chapter 3. Then, the silicon was etched to form the device areas. Contact 

pads were defined with photolithography, and a metal layer was deposited and 

lifted off to form contact pads.  

The measured value is analyzed with the following assumptions: (a) 

plane wave approximation, (b) p-polarized (or TM) light, and (c) polarization-

dependent light absorption. The system has the geometry shown in Figure 5.6. 
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If the absorption occurs only for y-polarized light (i.e. normal to the layer), the 

solution of the wave equation has the following forms. 

푬풊풏 = 퐸 (푐표푠휃 푥 − 푠푖푛휃 푦)푒 ( )  (5.25) 

푬풓 = 퐸 (−푐표푠휃 푥 − 푠푖푛휃 푦)푒 ( )  (5.26) 

푬풕 = 퐸 (푐표푠휃 푥 − 푒 푠푖푛휃 푦)푒 ( ) (5.27) 

where 퐸  is incident wave, 퐸  is the reflected wave, 퐸  is transmitted wave, 

푛 푎푛푑	푛  are refractive indices of materials, 휃  is incident angle. Using 

boundary condition:	퐸 = 퐸 	푎푛푑	 − | = − |  and Snell’s law, 퐸  

is written as: 

퐸 =  (5.28) 

Using equation (5.28), the Poynting vector and the transmitted power in a 

lossy medium is given by the following two equations: 

푆⃗ = 퐸⃗	x	퐻 ∗⃗ ≅ | | 푘 푛 [1− 푠푖푛 휃 1 − 푒 ](푐표푠휃 푥 + 푒 푠푖푛휃 푦)  

푆⃗ = | | 푘 푛 1 − 푠푖푛 휃 1 − 푒 [푐표푠 휃 + 푒 푠푖푛 휃 ]  	

								≅ | | 푘 푛 1 − 2푠푖푛 휃 1 − 푒  (5.29) 

Since the gain is one in a p/n junction device, the measured photo current 

density becomes 

퐽 =

| | 푘 푛 2푠푖푛 휃 1 − 푒

∆
≅ 휂


| | 푘 푛 [훼∆푠푖푛 휃 ]  (5.30) 
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where ∆  is the thickness of the light absorption medium and 휂  is the 

quantum efficiency. If we take the ratio of two different devices, with one of the 

devices having infinite thickness ∆ to absorb all of the transmitted light, we 

obtain the following relation for the ratio of the two photo currents: 

= 


∆ = 


∆훼 (5.31) 

where Iph2 is the photocurrent of the device with infinite thickness. Using 

equation (5.31), we can determine the absorption coefficient. In this case, 

same light incident angles are required for both devices.  

The fabricated device used for absorption coefficient measurement was 

diffused at 900 degrees in the RTA. Based on the data from Figure 3.16, the 

dosage of the n+ layer is around 1x1015/cm2. A 1480nm polarized laser was 

used as the IR source. The quantum efficiency of silicon is changed by 

variations in the incident light wavelength, due to possible carrier 

recombination in thick absorption junctions. Thus, to minimize this quantum 

efficiency difference in equation (5.31), it is recommended that the reference 

light source have a wavelength where the absorption length is similar to the 

thickness of the absorption region. For example, a 400nm wavelength light 

source is useful when the depletion length is 100nm. In our measurement, a 

405nm laser was used for the reference source. The outputs of the laser 

sources are connected with an optical fiber which has collimating lens. Thus, 

we assume that the two sources have the same beam size. IR and visible 

polarizers are also used to confirm the polarization status of laser sources.  
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Figure 5.7: Absorption coefficient measurement results. Doping 
concentration of the simulated device is 1019/cm3 /1019/cm3 
(n+/p+) and under zero bias. Blue marks show the case without a 
co-doped region and brown marks show the case with a 20nm 
co-doped region in the depletion layer. 
 

Meaningful data can be detected when the IR power is over 25mW and 

the photocurrent at 100mW power is used in the calculation of the absorption 

coefficient. Figure 5.7 shows the results of the absorption coefficient value 

using the measured photocurrent and equation (5.31). For calculation, we 

assumed the same quantum efficiency for both the 405nm and 1480nm laser 

sources and 100nm as the depletion width in the p+/n+ structure. The doping 

concentration of the simulated device is 1019/cm3 /1019/cm3 (n+/p+), which is 

comparable to the junction created by the SOD on the highly doped p type 

substrate. Zero applied bias is used in both the simulations and measurement 
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results. As shown in Figure 5.7, the measurement value at 1480nm 

wavelength is very different from the abrupt junction case. However, it is close 

to the simulation value of the case where a 20nm co-doped layer exists in the 

depletion layer. The disparity between the simulation value of abrupt junction 

and the measurement result is attributed to several factors. Most importantly, 

there are two uncertain data related with the doping process: the doping depth 

and profile. The dosage data in Figure 3.16 are obtained on the diffused SOI 

samples by Proximity Diffusion method. The top layer of the SOI sample is a 

p-type layer having 1x1016/cm3 doping concentration. On the contrary, the 

doping concentration used in the device is 1.3X1019/cm3. Thus, the diffusion 

depth and profile of the two samples are different. Additionally, SOD cannot 

provide the ideal abrupt doping profile9,10. Thus, the electric field in the 

depletion region substantially decreases, which leads to a decreased 

absorption coefficient.  

 

5.6 Conclusion 

A silicon IR detector using sub-bandgap transitions is proposed. To 

enhance the detection ability to IR wavelengths in silicon, we used the Franz-

Keldysh effect, the spatial confinement effect, and the impurity state and 

quasi-2D model. A physical absorption coefficient model considering all the 

effects above is proposed to quantitatively analyze the effects of sub-bandgap 

transitions and predict the achievable performance of the IR detector. To 
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validate our proposed model, we also propose the method to measure the 

absorption coefficient value using a lossy medium model. The measured value 

was close to the simulation results of our co-doped model. These model and 

measurement result are very beneficial to the design of silicon IR detector 

using sub-bandgap transitions. For example, IR silicon nanowire detector with 

high sensitivity, low dark current, and reliable and reproducible process 

margins, can be realized when adopting a core shell nanowire structure.  
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Chapter 6 

Conclusion 

 

6.1 Conclusion  

Silicon is the material essentially used in all commercial integrated 

circuits such as memory, logic circuits, operational amplifiers, and power 

devices. It is also found in the photodetector field due to their high sensitivity 

for the detection of visible wavelength light. However, bulk silicon has 

limitations for detecting IR light wavelength due to its bandgap energy. To 

realize silicon IR detectors, we used two different optical transition 

mechanisms: band to surface state transition and sub-bandgap transition. For 

maximizing these effects and realizing ultra-high resolution imager array, a 

vertical nanowire structure is used. Additionally, to practically realize nano-

scaled patterns on a large area, Nanoimprinting Lithography (NIL) is also 

applied.  

Silicon nanowires have unique characteristics due to the high surface to 

volume ratio of surface state effects. The high surface to volume ratio of the 

nanowire fully depletes the nanowire body and creates a built-in field in the 

radial direction. This built-in field allows the device to have high gain. Our 

physical model derives the gain of the nanowire using surface states and 

shows the key parameters to obtain the optimal conditions. Simulation results 

from varying the parameters show the promising performance of the silicon 
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nanowire at the optimal conditions. Another unique characteristic by surface 

state effects is also introduced: the band to surface state transition. The band 

to surface transition allows the silicon device to detect IR wavelengths. 

Considering the process compatibility with the conventional CMOS 

technology, silicon nanowires are very promising candidate as an IR light 

detector due to its high surface to volume ratio. 

Through the use of UV NIL and conventional etching technology, 

vertical silicon nanowire arrays have been fabricated. NIL is a very promising 

process technology since it can quickly and cheaply realize nano-scaled 

patterns on a large area. One of the difficulties encountered during processing 

is the filling of the space between the nanowires with a dielectric material. 

When the thermal expansion coefficient between the dielectric material and 

silicon does not match, vertical silicon nanowires can fall down or bend.  We 

have developed the process using PDMS to solve this problem. PDMS is a 

prominent material to solve this issue even though there are still compatibility 

problems with the conventional lithography patterning. We believe this issue 

can be solved by an optimal design on device dimensions which is free of 

distortion while keeping the device performance. 

The characterization of vertical silicon nanowire arrays fabricated with 

nanoimprint lithography has shown their unique properties. They have an 

ability to detect pico watts level of light per nanowire at 1550nm IR light and a 

femto watt level at 635nm visible light. Both wide spectral response and high 
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sensitivity are due to the high surface to volume ratio of device. The 

responsivity at visible light is caused by band to band transition and IR 

responsivity is caused by band to surface state transition. Surface to band 

transition effect is not discernable in bulk material since the surface to volume 

ratio is low. However, silicon nanowires have a high surface to volume ratio, 

which makes the detectable wavelengths broaden by band to surface 

transition. High sensitivity also arises from the high surface to volume ratio. 

High surface to volume ratio induces a built-in field in the radial direction, 

which confines the carriers in the core of wire and substantially increases the 

lifetime of the confined carriers. These effects allow us to obtain recordable 

responsivity at 170K with silicon nanowire(100A/W per nanowire at IR light 

wavelength). 

Measurement results of our silicon nanowire arrays using surface states 

also show the limitation in the application of these devices for commercial 

products. The operating temperature is too low due to the dark current and the 

controllability of surface state is uncertain. Based on simulation results, the 

proposed core shell structure shows the device characteristics are free from 

surface state effects while enhancing the gain and reducing the dark current. 

IR detection in core shell silicon nanowires can occur by sub-bandgap 

transitions. Thus, IR silicon nanowire detector with high sensitivity, low dark 

current, and reliable and reproducible process margins can be realized 

through the core shell nanowire. 
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To validate the core shell structure for the detection of IR wavelengths, 

the absorption coefficient model by sub-bandgap transition is proposed. To 

enhance absorption coefficients at IR wavelengths, the Franz-Keldysh effect, 

the spatial confinement effect, and the impurity state and quasi-2D state 

transition are considered in our physical coefficient model. Our coefficient 

model quantitatively analyzes the effects of sub-bandgap transitions and 

predicts the achievable performance of the IR detector. To validate our 

proposed model, we also provide the method to measure the absorption 

coefficient value using lossy medium model. The measured value is close to 

the simulation results. These model and measurement result are very 

beneficial in designing silicon IR detector using sub-bandgap transition such 

as core shell nanowire.  

 

6.2 Future Work 

Core shell nanowire is a promising device structure as a photodetector 

due to its high sensitivity to light, low current, and the ability to make the 

device more reliable and reproducible.  Additionally, the structure can be 

adopted for the detection of IR wavelengths using sub-bandgap transition. 

Based on our fabrication experiences and the analysis of the fabricated device, 

we point out some challenges still remain to realize more robust and 

commercial IR photodetector with core shell nanowire structure. 
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In view of the fabrication flow, the most difficult step in fabrication of 

vertical silicon nanowire is to fill the space between the nanowires with 

dielectric materials without the distortions of nanowires. We’ve already 

developed the improved process step using PDMS without the distortion of the 

wires. This method is good for the applications of the nanowire array substrate 

without an additional electrode on the PDMS layer, such as an artificial retina. 

However, PDMS is also not practical for the application of nanowire imager 

array requiring additional electrodes for addressing pixels since it is not 

compatible with the conventional lithography. Since nanowires bending and 

falling down arise from the thermal expansion coefficient mismatch between 

the silicon and dielectric material, the distortion depends on the aspect ratio of 

the nanowire and the pitch of nanowires. For example, when the diameter and 

the pitch of the nanowire are 200nm and 1um, respectively, the distortions in 

the 2.5um height nanowires are negligible even with polymide filling material. 

Thus, we believe the nanowire distortion issue caused by the choice of filling 

material can be solved by an optimal design on the device dimensions and 

substrate layers which is free of distortion. Another issue in the process flow is 

doping process. Currently, there are two uncertain data related to the doping 

process: the doping depth and profile in the lateral diffusions. Dosage data in 

Figure 3.16 are achieved on the diffused SOI samples by Proximity Diffusion 

method. The top layer of the SOI sample is a p-type layer having 1x1016/cm3 

doping concentration. However, the sub-bandgap transition needs the 
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diffusion process on highly doped substrates (over 7x1018 /cm3) from the 

simulation results. Thus, the shallow doping profile data in the planar direction 

first needs to be obtained from Secondary Ion Mass Spectroscopy (SIMS) or 

Scanning Capacitance Microscope (SCM)1. Secondary, since silicon 

nanowires have high surface to volume ratios, the increased surface area 

factors should be also considered to form core-shell doped layers when 

deciding the diffusion conditions for the lateral direction.  

For IR absorption coefficient model, zero-order approximation is used 

for the impurity states in our absorption coefficient model, which means all 

impurity states are concentrated at one single energy “ߝ” above the top of the 

valence band. Thus, the band tail models2-6, used to model the density of state 

in the doped material, will increase the accuracy of our absorption coefficient 

model. To validate our absorption coefficient model, we also need to measure 

the reference source which can neglect the difference of quantum efficiency 

factors between the reference source and the IR light. These are beneficial to 

the design of core shell silicon nanowire IR detectors and in the realization of 

devices that are truly capable of operating at room temperature with high 

efficiency, low dark current, and high reliability and reproducibility.  
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