
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Integration of single-crystal devices with flexible substrates using conductive adhesive 
layers

Permalink
https://escholarship.org/uc/item/0zs7d0p6

Author
Doran, Christopher Kyle Gregory

Publication Date
2011
 
Peer reviewed|Thesis/dissertation

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

https://escholarship.org/uc/item/0zs7d0p6
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

 

 

Integration of Single-Crystal Devices with Flexible Substrates using Conductive 

Adhesive Layers 

 

 

 

 

A Thesis submitted in partial satisfaction of the requirements for the degree Master of 

Science 

 

 

in 

 

 

Electrical Engineering: Nanoscale Devices and Systems 

 

 

by 

 

 

Christopher Doran 

 

 

 

 

 

 

 

Committee in charge: 

 

Professor S. S. Lau, Chair 

Professor Peter M. Asbeck 

Professor Paul K. L. Yu 

 

 

 

 

 

 

2011 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

 

Christopher Doran, 2011 

 

All rights reserved. 

 



iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Thesis of Christopher Doran 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 for getting me here, and to Sara for keeping me here.  

  



v 

 

TABLE OF CONTENTS 

 

 

Signature page .................................................................................................................... iii 

 

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

 

Table of contents ..................................................................................................................v 

 

List of figures ................................................................................................................... viii 

 

List of tables ....................................................................................................................... xi 

 

Acknowledgements ............................................................................................................ xi 

 

Publications ....................................................................................................................... xii 

 

Abstract of the Thesis ...................................................................................................... xiii 

 

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

 

1.1: Current technology  ..........................................................................................1 

 

1.2: Scope of the thesis  ...........................................................................................4 

 

References ................................................................................................................5 

 

Chapter 2: Conductive intermediary bonding  .....................................................................7 

 

2.1: Conductive adhesive bonding  ..........................................................................7 

 

2.2: Metal bonding  ..................................................................................................9 

 

References  .............................................................................................................13 

 

Chapter 3: Flexible light-emitting diode  ...........................................................................14 

 

3.1: Fabrication  .....................................................................................................14 

 

3.2: Evaluation  ......................................................................................................15 

 

References  .............................................................................................................17 

 

Chapter 4: Theory of the Schottky diode  ..........................................................................18 

 



vi 

 

4.1: Current-voltage characteristics  ......................................................................18 

 

4.2: Capacitance-voltage characteristics  ...............................................................19 

 

4.3: Computational methods  .................................................................................20 

 

References  .............................................................................................................22 

 

Chapter 5: Silicon transfer from silicon-on-insulator wafers  ...........................................23 

 

5.1: SOI transfer: etch-back  ..................................................................................23 

 

5.2: Schottky diode on transferred silicon: fabrication and analysis  ....................25 

 

5.3: SOI transfer: under-etch .................................................................................28 

 

5.3: References  ......................................................................................................29 

 

Chapter 6: Single-crystal silicon Schottky diodes integrated on flexible substrates using 

conductive adhesives  ........................................................................................................30 

 

6.1:  Fabrication of thin flexible Schottky diodes  .................................................30 

 

6.2: Current-voltage characteristics  ......................................................................33 

 

6.3: Capacitance-voltage characteristics  ...............................................................37 

 

6.4: Effect of strain on diode barrier height  ..........................................................39 

 

6.4: Effects of annealing  .......................................................................................42 

 

6.5: Isothermal solidification for bonding diodes to PEN  ....................................43 

 

References  .............................................................................................................45 

 

Chapter 7: Segmentation as a method for introducing flexibility to solar cells  ................46 

 

7.1: Fabrication  .....................................................................................................47 

 

7.2: Evaluation  ......................................................................................................49 

 

References  .............................................................................................................54 

 

Chapter 8: Summary and future work  ...............................................................................55 

 



vii 

 

8.1: Summary of the thesis ....................................................................................55 

 

8.2: Future work  ....................................................................................................56 

 

Appendix: MATLAB script for analysis of Schottky diodes  ...........................................58 

 

A.1: I-V data  .........................................................................................................58 

 

A.2: C-V data  ........................................................................................................63 

 

 

 



viii 

 

LIST OF FIGURES 

 

Figure 2.1: Optical photograph of bending of 30μm-thick crystalline Si bonded to PEN 

with silver tape. A ruler with 1mm tick marks is included on the bottom of the 

photograph for scale.  .........................................................................................................11 

 

Figure 2.2: Silicon bonded to titanium/gold-coated Al foil, which is itself adhered to PEN 

with clear double-sided tape for support. The silicon piece was cleaved and bent post-

bonding to verify that the bond area spanned the entire sample.  ......................................12 

 

Figure 3.1: Diagram of double-flip LED thinning process.  ..............................................15 

 

Figure 3.2: Photographs of (a) the LED lighting up under applied bias and (b) bent with 

tweezers. ............................................................................................................................16 
 

Figure 3.3: I-V behavior of LED before and after thinning to flexibility. .........................16 
 

Figure 4.1: Band diagram of a metal-semiconductor contact.  ..........................................18 

 
Figure 4.2: Flowchart outlining the algorithm used to locate the region of ideal 

thermionic emission and calculate parameters of interest for a Schottky diode.  ..............21 

 

Figure 5.1: (a) Diagram of the SOI bonded to the new PEN substrate. Mechanical 

grinding and chemical etching from the backside thin the sample. (b) The transferred 

3μm Si with a Pd Schottky contact patterned on top. ........................................................24 

 

Figure 5.2: Photograph of Pd Schottky contacts on transferred 3μm Si bonded to PEN 

and flexed with tweezers. The Si and Pd regions are marked for clarity.  .........................26 

 

Figure 5.3: (a) A semilog IV plot of the same diode. Despite the presence of straight 

regions (dashed cyan and orange lines), the n-factors and barrier heights extracted from 

the data in those regions are not consistent with reasonable expectations. (b) I-V plot of 

diode made from transferred SOI. High leakage can be noted... .......................................27 

 

Figure 5.4: Nomarski-contrast micrograph of the surface of Si transferred from SOI. 

Rectangular etch pits can be seen, and are outlined in circles for clarity. The diameter of 

the visible circle in the image is approximately 900μm. ...................................................28 

 
Figure 6.1: Current-Voltage measurements between Ti/Au circular contacts on Si after 

annealing at various temperatures.  ....................................................................................31 

 

Figure 6.2: (a) Side-view structure of flexible thin Si-Pd Schottky diode. (b) Micrograph 

of surface. Light-colored circular regions are Pd, and the gray textured region is Si.  .....32 

 



ix 

 

Figure 6.3: Current-voltage behavior of the 30μm-thick Si-Pd diode, shown in semilog 

scale. Also shown (dashed line) is the exponential best-fit line used to model the ideal 

thermionic behavior. ..........................................................................................................34 

 

Figure 6.4: Semilog-scale plot of current-voltage data, along with extrapolated ideal 

region and constant current level chosen in the series resistance regime above ~0.5V. The 

intersections of these curves are used to extract series resistance of the diode. ................35 

 

Figure 6.5: Current-voltage response of diode under high reverse bias, showing no sign  

of breakdown to -100V.   ...................................................................................................36 

 

Figure 6.6: Semilog plot of current-voltage response of diode before and after etching an 

electrically-insulating mesa structure beneath the Schottky contact. Introduction of the 

mesa (dashed line) significantly improves ideality of the diode, as can be seen by the 

straight region in the log scale between 0 and 0.4V.  ........................................................37 

 

Figure 6.7: Capacitance measurements of diode plotted as 1/C
2
, as a function of reverse 

bias voltage. The data shows a very high degree of linearity in this transformation.  .......38 

 

Figure 6.8: Custom-designed apparatus to induce variable uniaxial strain to a device.  ...39 

 

Figure 6.9: Side-view of thin flexible adhesively-bonded Si/Pd/PEN Schottky diode 

being flexed by the strain apparatus in the previous figure. The crystal orientation of the 

substrate is shown for clarity.  ...........................................................................................40 

 

Figure 6.10: Variation of (a) barrier height, (b) series resistance, and (c) n-factor as a 

function of vertical displacement of the diode substrate under strain.  .............................41 

 

Figure 6.11: Accelerated lifetime testing data on tape-bonded (a-c) and epoxy-bonded 

 (d-f) diodes. In each case, the data for 3 samples is shown, each in a different color. The 

series resistance of the green curve in figure (c) was taken from a 639μm-diameter diode, 

and an area ratio correction factor was applied to the data... . ...........................................43 

 

Figure 7.1: Side-view of multiple-quantum-well solar cell structure of total thickness 

~400μm. .............................................................................................................................47 

 

Figure 7.2: (a) Diagram of segmented cell with electrical connector across the bus bar. 

 (b) Photograph of solar cell after bonding and segmentation. ..........................................49 

 

Figure 7.3: Current-voltage characteristics of (a) the solar cell before and after 

segmentation in the dark, and (b) the segmented solar cell under dark vs. simulated 

sunlight conditions. ............................................................................................................50 

 

Figure 7.4: Visualization of how original solar was segmented and subsequently sub-

segmented for analysis. ......................................................................................................51 



x 

 

LIST OF TABLES 

 

Table 2.1: Characteristics of silver-filled adhesives used in this study. . ............................8 

 

Table 6.1: I-V and C-V barrier height, n-factor, and series resistance of 30μm-thick  

Si/Pd Schottky diodes bonded to PEN with different adhesives. ......................................39 

 

Table 7.1: Efficiencies of unoptimized solar cell segment and its constituent sub-

segments. ............................................................................................................................52 

  



xi 

 

ACKNOWLEDGEMENTS 

 

 

 I would like to acknowledge my advisor Professor S.S. Lau for the academic and 

moral support he has provided me in the course of my time at U.C. San Diego. I hope to 

maintain throughout my life the intellectual curiosity I see in him. 

 I owe much to Dr. Wayne Chen and Winnie Chen for their helpful discussion and 

academic collaboration. Dr. Arthur Zhang and Dr. Shadi Dayeh have also provided 

excellent advice for which I am grateful. 

 I would like to thank Professor Paul Yu for access to multiple-quantum-well solar 

cell samples and Kimmo Henttinen for SOI substrates. 

 I also extend warm thanks to Professor Eric Fullerton and Dr. Keith Chan. These 

are the people who first introduced me to the world of academic research during my years 

as an undergraduate student.  

This research was funded from NSF Grant DMR-Award No. 0902277, in 

collaboration with Professor Terry Alford at Arizona State University.  

Chapter 6, in part, is a reprint of material that has been submitted for publication.  

Doran, Christopher; Chen, Wayne; Alford, Terry; Lau, S.S. The thesis author was the 

primary investigator and author of this paper. 

Chapter 7, in part, is a reprint of material that has been submitted for publication.  

Doran, Christopher; Chen, Winnie; Yu, Paul; Alford, Terry; Lau, S.S. The thesis author 

was the primary investigator and author of this paper. 

 



xii 

 

PUBLICATIONS 

 

C. Doran, W. Chen, T.L. Alford, and S.S. Lau. “A study of single-crystal silicon diodes 

integrated on flexible substrates using conductive adhesives.” Submitted for publication, 

Applied Physics Letters. (2011). 

 

C. Doran, W.V. Chen, P.K.L. Yu, T.L. Alford, and S.S. Lau. “Segmentation as a method 

for the introduction of flexibility to solar cells.” Submitted for publication, Journal of 

Vacuum Science and Technology A. (2011). 

 

W. Chen, C. Doran, D. Govea, T.L. Alford, and S.S. Lau. “Stress-induced transfer of 

ultrathin silicon layers onto flexible substrates.” Electrochemical and Solid-State Letters 

14, H171 (2011). 

 

 

 

 

PUBLICATIONS (UNDERGRADUATE) 

 

K.T. Chan, C. Doran,   E.G. Shipton, and E.E. Fullerton.  “Core-Shell Structured 

Nanowire Spin Valves.” Magnetics, IEEE Trans on. 46, 2209 (2010). 

 

K.T. Chan, J. J. Kan, C. Doran, L. Ouyang, D. J. Smith, and E.E. Fullerton. “Oriented 

Growth of Single-Crystal Ni Nanowires onto Amorphous SiO2.” Nano Letters.10, 5070  

(2010).  

 

 

 

 

PRESENTATIONS 

 

C. Doran, W. Chen, K. Henttinen, T.L. Alford, and S.S. Lau. “Fabrication of flexible 

single-crystal devices on electrically-conductive substrates.” Electronic Materials 

Conference. Santa Barbara, June 22-24 (2011).  

 

W. Chen, C. Doran, T.F. Kuech, and S.S. Lau. “Ion-cut transfer of InP-based high 

electron mobility transistors using adhesive bonding.” Electronic Materials Conference. 

Santa Barbara, June 22-24 (2011). 

  



xiii 

 

 

 

 

ABSTRACT OF THE THESIS 

 

 

Integration of Single-Crystal Devices with Flexible Substrates using Conductive 

Adhesive Layers 

 

by 

 

Christopher Doran 

 

Master of Science in Electrical Engineering: Nanoscale Devices and Systems 

 

University of California, San Diego, 2011 

 

Professor S.S. Lau, Chair 

 

 



xiv 

 

Flexibility is a desirable attribute for many large-area semiconductor devices such 

as light-emitting diodes, photodetectors, and solar cells. Plastic substrates have received 

considerable attention for flexible devices due to their combination of chemical 

resistance, toughness, and low cost. However, in cases where monocrystalline 

semiconductor material is desired, integrating the semiconductor with the plastic in a 

manner that allows backside conduction can be challenging due to processing constraints 

of the plastic.  

This thesis discusses the integration of flexible single-crystal semiconductors with 

plastic substrates utilizing conductive intermediary adhesive materials. Various methods 

are discussed for the attainment of the thin semiconductor layer to be bonded. In 

particular, backside etching is evaluated in the isolation of thin GaAsP and Si for double 

and single-flip processes, and commercially-available ultra-thin Si wafers are evaluated 

for pre-thinned diode fabrication.  

Silver colloid-filled epoxy and double-sided tape are studied for the integration of 

these materials to polyethylene naphthalate substrates, and compared to selected metal 

intermediary bonding schemes. Fabricated and evaluated are thin flexible light-emitting 

diodes and Si-Pd Schottky diodes. Additionally, an accelerated lifetime test is applied to 

the adhesives to estimate their long-term stability.  

Finally, regular segmentation is investigated as a method to introduce effective 

flexibility to thick wafers. The technique is applied to ~400µm-thick InP-based multiple-

quantum-well solar cells, and the effects of the segmentation are analyzed. 

 

 



1 
 

Chapter 1: Introduction 

 

Flexibility presents an advantage to electronic circuits and components, as it can 

introduce numerous possibilities for applications in new settings. Flexible devices, 

especially when integrated on inexpensive polymer backings, have the advantages of 

portability, toughness, and the ability to conform dynamically to variably-shaped 

surfaces. Flexible devices see opportunities in military applications such as smart tactical 

apparel (as integrated infrared photodetectors, for example), or in consumer products 

such as flexible displays. Niche energy generation is especially attractive in the form of 

flexible photovoltaics. Such technology has already been commercialized as thin-film 

and dye-sensitized solar cells.  

Flexible semiconductor devices such as solar cells, thin-film transistors, and 

photodetectors are commonly fabricated from organic,
1
 amorphous,

2
 microcrystalline,

3
 or 

nanocrystalline material.
4
 However, improved electrical performance could be obtained if 

monocrystalline material were utilized, since a single crystal features greater carrier 

mobility and fewer recombination sites.
5,6

 Furthermore, crystalline features can be 

advantageous for micromachining techniques used in fabricating microelectromechanical 

systems.  

 

1.1: Current technology 

 There has been fascinating progress in the field of flexible monocrystalline 

devices in the last few years. Research has adopted widely-varying strategies, each with 

its own advantages and disadvantages.  
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One approach is to transfer the thin monocrystalline device layer of a silicon-on-

insulator (SOI) wafer by bonding it to a flexible substrate and etching out the buried 

oxide layer from underneath to release the handle Si.
7,8

 This approach requires that the 

etchant, typically an HF-based solution, be able to diffuse to the oxide layer in a 

reasonable amount of time. This typically necessitates regular holes or trenches in the 

silicon, which limits the total uninterrupted area of material that can be transferred. 

One can note that the aforementioned SOI is itself already a case of thin single-

crystal material transfer.  It is performed via ion-cutting, a process in which ion-

implanted oxidized Si is bonded to another silicon handle wafer and cleaved at the 

implantation depth.
9
 Previous work has demonstrated that ion-cutting can be performed 

by bonding the implanted wafer with a polymer adhesive to a rigid handle wafer.
10

 A 

secondary flip and bond to a flexible substrate can then be made with another adhesive 

layer. Removal of the original adhesive then completes the transfer of the thin 

semiconductor layer to the flexible substrate.
11

 This approach has successfully been 

implemented in the fabrication of flexible floating-body InP-based MODFET transistors 

on plastic substrates.  

Another intriguing method of thin monocrystalline material transfer takes 

advantage of the anisotropic etching profile of certain crystal structures. By patterning 

etch masks in thin strips on an appropriately-oriented silicon surface, for example, an 

anisotropic etchant solution such as potassium hydroxide can be used to laterally 

undercut the silicon beneath the masks. The strips of material under the etch mask, now 

only tenuously-affixed to the substrate, can be snapped off and transferred to a new 

substrate via a temporary bond to a polymer stamp.
12

 This technology has the advantage 
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of potential re-use of the donor wafer after re-planarization, and is already in nascent 

stages of commercialization. However, in a manner similar to the earlier SOI example, 

the total contiguous transfer area is limited by etchant diffusion.  

Bonding with etch-back is the most conceptually-simple method of thin material 

transfer.
13

 In this single-flip process, a thick bulk wafer is first bonded to the new handle 

substrate. The backside of the original wafer is subsequently lapped and/or etched down 

in a controlled manner until the desired thickness is reached. When possible, etch-stop 

layers are embedded to enhance planarization.  

A critical component to the success of the etch-back technique is the method of 

bonding the donor wafer to the handle. Direct wafer bonding is not compatible with 

flexible polymer substrates, and so an intermediate material must be used that is resistant 

to the mechanical stresses of lapping and chemical attacks of etching. Metal intermediary 

bonding is a potential solution, and can provide backside electrical contact. Metal 

intermediary bonding in the form of cold-welding has already been demonstrated with 

polyimide substrates in the fabrication of back-etched flexible InP solar cells.
14

 This bond 

is suitable for integration with plastic due to its room-temperature processing, but the 

bonding involves very high pressures in the range of 50GPa which can be challenging to 

implement with fragile material layers.  

Absent from this laudable body of work is a method of integrating large-area 

monocrystalline material with an electrically-accessible backside contact onto flexible 

polymer substrates, in a fashion that is not processing-intensive in terms of high 

cleanliness, pressure, or temperature. This thesis discusses the utilization of silver-filled 

conductive tapes and epoxies to suit this purpose.  
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1.2: Scope of the thesis 

The scope of this thesis is as follows: 

Chapter 2 gives background on the constraints imposed when integrating wafers 

with plastic substrates. Silver-filled tape and epoxy are introduced as potential solutions 

and their properties are described. Metal intermediary bonding in the form of Ti-Au and 

In-Pd alloys are discussed and compared to the aforementioned tape and epoxy in 

bonding silicon to plastic substrates.     

Chapter 3 describes a double-flip method to back-etch GaAs/GaAsP light-

emitting diodes (LEDs) until sufficiently thin to be flexible. The LEDs are bonded with 

silver epoxy and verified for flexibility and light emission. The LED current-voltage 

behavior is compared to the pre-thinning case.    

Chapter 4 provides a refresher of the physics of the Schottky diode. Models for 

current-voltage (I-V) and capacitance-voltage (C-V) characteristics are discussed. A 

computational method to extract parameters of interest from I-V and C-V measurement 

data of Schottky diodes is described.  

Chapter 5 describes a single-flip method of back-etching silicon-on-insulator 

wafers to transfer thin layers of silicon to plastic substrates. A palladium contact is made 

on the transferred material, and the characteristics of the resultant diode are discussed.  

Chapter 6 describes the fabrication of flexible Schottky diodes from 

commercially-available 30µm-thick Si wafers bonded to plastic. The electrical 

characteristics of these devices are evaluated while flat and while subjected to uniaxial 

tensile strain. The results of accelerated lifetime tests on the adhesive-bonded diodes are 
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presented. Metal-bonded diodes are fabricated and compared to adhesive-bonded 

equivalents. 

Chapter 7 introduces segmentation as a method of introducing flexibility to 

~400µm-thick InP-based multiple-quantum-well solar cells. The cells are fabricated, 

adhesively-bonded to plastic substrates, and then fractured along natural parallel cleavage 

planes to allow flexibility. Individual segments are analyzed under a solar simulation 

lamp and solar conversion efficiencies calculated. These results are compared to the 

efficiencies of non-segmented pieces.  

Chapter 8 gives a summary of the thesis, as well as recommend directions for 

future work in this line of research.  
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Chapter 2: Conductive intermediary bonding 

 

For flexible semiconductor devices to be useful in the field, the material must be 

bonded to a flexible substrate that is capable of providing support. Polyethylene 

naphthalate (PEN) was the flexible substrate employed in this research. It is an 

inexpensive transparent plastic that is highly chemical resistant and functional up to 

180°C. 

Wafer bonding can be broadly classified as direct bonding or intermediate 

bonding, where the latter introduces a third material between the two wafers to enable 

bonding and the former does not. Between the two, direct bonding typically has much 

more stringent processing requirements for material compatibility, surface flatness, 

cleanliness, pressure, and temperature. These requirements are incompatible with 

polymer substrates such as PEN. This is especially true of processing temperature, which 

is typically in excess of 1000°C for Si.
1
 Intermediate bonding must then be considered for 

applications with plastic substrates where direct bonding is not feasible. 

 

2.1: Conductive adhesive bonding 

 Intermediate bonding with polymer-based adhesive material offers the benefits of 

low temperature processing (often as low as room temperature), tolerance of particle 

contamination, low cost, and the ability to join often very dissimilar materials. The 

tradeoffs to be considered include long-term and high-temperature stability of polymers 

as well as the ability of the adhesive to provide a hermetic seal against the atmosphere.
2
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Polymer adhesive materials such as benzocyclobutene (BCB) and ultraviolet 

light-curable photoresists have proven successful and easy-to-use in intermediate bonding 

to plastic substrates.
3
  However, such adhesives are electrically insulating, and thus 

unable to provide the crucial backside electrical contacts needed for many devices.  

Metal colloids within the polymer matrix of an adhesive can be used to enhance 

electrical conductivity while maintaining flexibility. Various colloid-enhanced tapes and 

epoxies were investigated, including: Compound Silver 402 (Resin Technology Group, 

LLC); 3888 Silver Filled Conductive Adhesive (Henkel Loctite); SEC 1233 Epoxy 

(Resinlab); Silver Adhesive Sheets (Nisshin Em Co. Ltd); Copper Conductive Tape 

(3M); Carbon Conductive Tape; and Z-Axis Tape (3M).  Of these, the best two 

representative specimens in terms of observed conductivity, chemical resistance, and 

adhesion are described in Table 2.1. Both were experimentally verified to be tolerant of 

temperatures in excess of the 180°C, which is the upper thermal limit of PEN. 

 

Table 2.1: Characteristics of silver-filled adhesives used in this study.  

Material 

(manufacturer) 
Thickness Resistivity Processing requirements 

Double-sided tape 

(Nisshin em co.,ltd.) 
170μm .008Ω-cm 

Must apply gentle pressure to 

promote adhesion. 

Silver-filled epoxy 

(Resinlab) 

Variable.  

>50μm ensures good 

gap-free coverage. 

.0003Ω-cm 

(as specified 

in Ref. 4) 

>1 hour cure at 60°C. 

 

The epoxy is much more chemically-resistant, withstanding hydrofluoric acid, 

potassium hydroxide, and acetone. It also has lower resistivity, although both showed 

comparable performance in terms of series resistance in experiments with flexible 
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Schottky diodes bonded to PEN. Of the two, the tape is easier to use in terms of 

laboratory processing. Both proved quite tolerant of surface roughness and particle 

contamination resulting from exposure to non-cleanroom air. In the case of the epoxy, 

bonding was observed to be slightly enhanced by the intentional surface roughening of 

the PEN with 30μm-roughness lapping paper.  

Given the organic nature of the polymers in the adhesives, performance 

degradation over time is of special concern.
5
 Unfortunately there was not enough time to 

perform a proper evaluation of the adhesive performance over a multi-year timespan, so 

accelerated lifetime tests were performed on both adhesives by heating them to 80°C in 

atmosphere for a period of one week. In one experiment, a 1mm-diameter strip of 

adhesive was placed on a glass slide, and resistance measurements were taken before and 

after heat treatment. After one week, resistance actually decreased for both tape and 

epoxy, with no obvious signs of degradation in adhesion strength. This increase in 

conductivity may be due to the evaporation of residual solvents in the material. Because 

this effect may only be temporary, care is advised in using these results to predict long-

term stability of resistivity. 

Accelerated lifetime tests were also performed on flexible Schottky diodes 

bonded with silver tape and epoxy to evaluate performance in a real device. Further 

discussion of these tests can be found in Chapter 6. 

 

2.2: Metal bonding  

Metal intermediary bonding was investigated as a comparison to adhesive 

bonding of silicon wafers. A particularly compelling embodiment of metal bonding is the 
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technique of isothermal solidification, in which a high-melting-point metal and a low-

melting-point metal are annealed together to form a high-melting-point alloy that serves 

as a conductive bonding agent.
6
 In particular, the In/Pd system was tested,

7
 since the 

annealing can be performed at temperatures low enough to be compatible with PEN. The 

final high-melting-point alloy targeted with this system was In7Pd3. 

 2000Å of Pd was deposited on silicon, and 500Å Pd / 8500Å In / 50Å Pd was 

deposited on the PEN. The two substrates were then placed in contact in the cleanroom 

and pressure was applied via a finger-tightened twin-screw clamp. The clamped setup 

was placed in a tube furnace under forming gas for 3 hours at 180°C. 280μm-thick silicon 

samples typically yielded a bond area of ~20%; flexible 30μm-thick polished silicon 

samples with Ti/Au-coated backsides were more successful, with bonding areas in excess 

of ~80%. Although not verified experimentally, metal bonding may be more robust and 

stable long-term than polymer-based adhesives.  

An important aspect to note is that upon bending the 30μm-thick flexible silicon 

wafer bonded with metal to PEN, the wafer began cracking much earlier than the same 

wafer bonded with silver tape. The enhanced flexibility of the tape system is due to the 

thickness and pliability of the tape, which distributes stress more evenly for the crystal 

during bending. It also acts to absorb some of the tensile strain exerted by the PEN itself 

by allowing lateral slippage. Flexibility without cracking in the tape-bonded sample was 

demonstrated all the way down to a 3mm radius of curvature, as shown in the photograph 

in Figure 2.1. By contrast, cracking of the epoxy-bonded sample occurred at a ~10mm 

radius of curvature, and metal-bonded sample cracked at a ~20mm radius.  
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Figure 2.1: Optical photograph of bending of 30μm-thick crystalline Si bonded to PEN with silver tape. A 

ruler with 1mm tick marks is included on the bottom of the photograph for scale.  

 

Titanium has been previously demonstrated to be effective in bonding silicon to 

silicon at temperatures from 300 to 450°C. 
8
 Given that an annealed titanium/gold film 

already forms an excellent Ohmic contact to silicon (see Chapter 6), the combination 

could prove to be very convenient as a conductive bonding agent. To test its bonding 

abilities, 800Å of titanium and 2400Å of gold were deposited on silicon wafers and 

various other substrates including sapphire, PEN, and commercial heavy-duty aluminum 

foil. Sample pairs were placed face-to-face and sandwiched between supportive pieces of 

sapphire in a twin-screw clamp. Clamped samples were annealed in a tube furnace under 

forming gas after a 15-min gas purge.  

After annealing at 450°C for 10 minutes with the metal interlayers, silicon-silicon 

and silicon-sapphire bonds were very robust, and did not yield even after attempting to 

insert a razor blade at the interface and tapping it with a hammer. Unfortunately, the 

bonding temperature is above the maximum temperature tolerance of the PEN (180°C). 
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An attempt was made to bond at a lowered temperature, but even a full week at 180° was 

insufficient to initiate a reaction between the metal films.  

However, at 450°C the silicon bonded quite well to aluminum foil with the Ti/Au 

interlayers, without yielding to the razor blade insertion test. Although the foil is too 

mechanically weak for effective wafer handling on its own, it can itself be glued to a 

PEN backing after annealing is completed (Figure 2.2). This Si-Ti/Au-Al-PEN system 

represents a promising approach for future work on device integration to PEN.  

 

 

Figure 2.2: Silicon bonded to Ti/Au-coated Al foil, which is itself adhered to PEN with clear double-sided 

tape for support. The Si piece was cleaved and bent post-bonding to verify that the bond area spanned the 

entire sample.  
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Chapter 3: Flexible light-emitting diode 

 

Material rigidity is a function of its thickness; thus, one can take a single-crystal 

semiconductor that is brittle in its bulk state and remove material until it becomes 

sufficiently flexible. A thin flexible GaAsP-on-GaAs light-emitting diode (LED) was 

fabricated from a functional thick LED using this process and integrated with a plastic 

substrate using silver-filled epoxy. 

 

3.1: Fabrication 

360μm-thick GaAsP-on-GaAs substrates were were placed alongside ZnAs 

pellets in a small quartz tube which was purged of air and sealed shut with a torch. The 

tube was annealed for 10 minutes at 800°C to Zn-dope the top layer of the wafer p-type.
1
 

Small (~1mm diameter) p-n junction mesas were then isolated under wax dot masks by a 

4-minute etch in Transene GaP Etch solution at 45°C. Temporary indium contacts were 

deposited and the LEDs placed under bias to verify red light emission.  

The LEDs were prepared for thinning by removing the top indium contact and 

bonding the front of the LED to a piece of supporting sapphire with Apiezon W black 

wax. The exposed backside was then manually lapped under water with progressively-

finer abrasives starting with 30μm and ending with 300nm-sized particles until the wafer 

reached a thickness of ~150μm. At this point the backsides were immersed in the GaP 

etchant for 1.25 hours at 80°C with constant stirring until LED thickness was in the range 

of 10-60μm. Indium was re-applied to the backside and a secondary flip performed to 
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bond the backside to the PEN substrate via silver epoxy.  Residual wax was removed 

with heat and acetone, and the front-side In dot re-applied with a soldering iron. This 

process flow is shown visually in Figure 3.1.    

 

Figure 3.1: Diagram of double-flip LED thinning process.  

 

3.2: Evaluation 

The LED was verified to light up and exhibit modest flexibility, as shown in 

Figure 3.2. It should be noted, however, that the emitted light was visually observed to be 

less bright than before thinning. This observation was corroborated by a comparison of 

the current-voltage characteristics before and after thinning, as seen in Figure 3.3. 
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Figure 3.3: I-V behavior of LED before and after thinning to flexibility. 

 

The after-thinning case suffers a significant drop in total forward current as well 

as a general softening during turn-on in the 7-8V range. A significant increase of reverse 

bias leakage was also noted (0.1µA to 2µA at -1V).  Much of this is likely the result of 

grinding-induced defects,
 2

 which serve to increase the density of generation-

(a) 

Figure 3.2: Photographs of (a) the LED lighting up under applied bias and (b) bent with tweezers.  
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recombination centers. Further reduction in forward bias could be the result of the non-

optimized top contact that, due to the crude soldering iron technique of application, was 

likely not identical to the original in terms of dimension and integrity.     

Achieving thickness uniformity proved to be difficult with the methods employed 

in GaAsP thinning. Mechanical etching provided better planarization than the more-

isotropic chemical etching, which tended to etch edges faster than the center and 

produced a humped surface unsuitable for uniform flexibility. However, mechanical 

etching induced much more physical damage in the wafer. The combination of 

mechanical lapping and chemical etching was the most successful approach in terms of 

reproducibility and end functionality. Nonetheless, the yield of flexible LED fabrication 

was low, due in part to the fact that it was entirely a one-at-a-time, manual process with 

ample room for unintentional variability. A more automated process should vastly 

improve output.  
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Chapter 4: Theory of the Schottky diode 

 

The Schottky diode is a well-known and simple structure consisting of a 

semiconductor in contact with an appropriately-chosen metal. Through a combination of 

a metal workfunction disparity and band-edge pinning effects of surface states in the 

semiconductor, an electronic energy barrier ΦB forms at the interface. The band diagram 

of an n-type semiconductor in contact with a high-workfunction metal is illustrated in 

Figure 4.1.1 

 

 

Figure 4.1: Band diagram of a metal-semiconductor contact. 

 

4.1: Current-voltage characteristics 

In the case where applied voltage is approximately greater than three times the 

thermal activation energy, the current-voltage characteristics of the ideal Schottky barrier 

diode can be described by the simplified thermionic model: 
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,      [equation 4.1] 

where J is the current density over the area of the metal contact, q is the elementary 

electric charge, V is the applied voltage, k is the Boltzmann constant, and T is 

temperature. The ideality factor (n) of the diode is unity for the ideal thermionic emission 

current that contains no recombination component.
2
   J0 is the reverse saturation current 

density, modeled as: 

,    [equation 4.2] 

where ΦB is the I-V barrier height of the metal-semiconductor contact. A* is the effective 

Richardson’s constant, which is taken to be 246A/cm
2

K
2
 for Si when considering the 

anisotropic nature of effective electron mass.
3
   

In the plot of ln(current) vs. applied positive bias, the ideal thermionic region will 

appear linear. By rearranging Equation 4.1 one can see that the ideality factor n is easily 

extracted from the slope of the linear region of the semilog I-V plot: 

      [equation 4.3] 

Similarly, the barrier height ΦB can be extracted from the intercept of the 

extrapolated linear region to the ln(current) axis, which represents the natural log of the 

saturation current J0.  

 

4.2: Capacitance-voltage characteristics 

Diode capacitance as a function of reverse bias can also be used as a method to 

extract barrier height. The depletion region of the Schottky diode acts effectively as an 
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insulator between two conductors, which in this case are the metal and the bulk 

semiconductor. By considering the expression for the one-sided step-junction depletion 

width in an n-type semiconductor under applied bias: 

    [equation 4.4] 

and taking d to be the insulator thickness in the infinite parallel plate model for the 

capacitor, diode capacitance can be modeled as: 

   [equation 4.5] 

where εSi is the permittivity of silicon, ND is the doping concentration, Vbi is the built-in 

voltage of the junction, and A is the diode cross-sectional area. In a treatment similar to 

that of the extraction of parameters from current-voltage plots, this expression can be 

linearized when plotted as 1/C
2
 vs. V.  From the intercepts of the extrapolated linear 

region, Nd and Vbi can be extracted. By recalling that  

,     [equation 4.6] 

where EC and EF are the conduction and valence band energies, respectively, the C-V 

barrier height can be determined.  

 

4.3: Computational methods 

In the analysis of current-voltage and capacitance-voltage data, MATLAB was 

utilized to localize linear regions and extract the parameters of interest (i.e. barrier height, 

n-factor, series resistance, doping concentration). A generalized flowchart of the 
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computational process is shown in Figure 4.2, and the complete code is available in the 

Appendix. 

 

 

Figure 4.2: Flowchart outlining the algorithm used to locate the region of ideal thermionic emission and 

calculate parameters of interest for a Schottky diode.  

 

The raw data is first transformed such that the ideal regions are linear according to 

equations 4.1 and 4.5, and rough bounds are entered for that region by the user. A first-

order polynomial fit across the whole bounded area is calculated and compared against 

the data. If the correlation based on the covariance matrix of the data and the fit line does 

not exceed a pre-defined threshold (usually taken at 0.9998), then the domain of next fit 

is shrunk. A fit of the new smaller domain is re-calculated and the correlation is re-

compared against the threshold as the fit domain is gradually swept from left to right. 

This whole iterative process is repeated until the fit across the largest-possible data region 
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with acceptable correlation is found. From this fit line the parameters of interest are 

extracted according to the previously-discussed mathematics and outputted to the user. 

This procedure is used for both I-V and C-V data analysis, and has been verified to yield 

consistent results between runs and across data sets.  
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Chapter 5: Silicon transfer from silicon-on-insulator wafers 

 

To address the difficulties encountered in fabricating flexible GaAsP, backside 

removal was tested again but with some modification on silicon wafers to attain thin 

flexible material. Silicon is intrinsically more flexible than III-V compound 

semiconductors such as the GaAsP, and this gives an inherent advantage in fabricating 

thin flexible devices. To address the difficulty encountered with the LED of achieving 

good planarization, a buried SiO2 etch-stop layer was incorporated by using 

commercially-available silicon-on-insulator (SOI) (Okmetic Oyj, Vantaa, Finland) as the 

starting wafer. The transferred material is the entire device-layer of the SOI. 

 

5.1: SOI transfer: etch-back 

The thinning process employed for the silicon was similar to that of the LED, but 

with modification to a single-flip process wherein the original top of the SOI becomes the 

backside of the transferred Si. The process is shown in Figure 5.1, using SOI with a 3μm 

device layer (n-type, n=4.3x10
15

/cm
3
) and 1μm buried oxide layer atop a 550μm handle 

Si wafer. The top of the device layer of the SOI was first stripped of native oxide with 

HF. Titanium (800Å) and gold (2400Å) were then immediately electron-beam evaporated 

on the top side, followed by annealing at 450°C in forming gas for 10 minutes to achieve 

an Ohmic contact. The metalized surface was bonded to PEN with silver epoxy and cured 

overnight at 60°C to ensure good adhesion. The PEN backside was then temporarily 

affixed to a supporting sapphire backing with black wax. The backside of the sapphire 



24 
 

was in turn affixed with lower-melting-point OCON-200 quartz wax to a metal chuck for 

lapping. 

 

Figure 5.1: (a) Diagram of the SOI bonded to the new PEN substrate. Mechanical grinding and chemical 

etching from the backside thin the sample. (b) The transferred 3μm Si with a Pd Schottky contact patterned 

on top. 

  

Lapping was performed by a Buehler Minimet planetary-action polisher that was 

modified to allow a steady stream and drain of clean water to quickly flush out the 

particles that continually break off of the lapping paper or sample. Such particles could 

be larger than the polish grit size and could badly score the sample surface; hence the 

need for continuous flushing. Initial lapping was done with 30μm lapping paper, with 

periodic replacement of the paper as it became visibly worn.  Lapping paper grit size was 

reduced to 15μm, then 3μm, then finally to 0.3μm aluminum oxide powder when the SOI 

thickness was reduced to approximately 200μm, 150μm, and 125μm, respectively. 

Lapping was finished when the wafer reached a thickness of 120μm. 
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To remove the remaining handle-Si, the sample was immersed in 20% (by 

weight) potassium hydroxide solution at 83°C for 2-5 hours. KOH etching is highly 

anisotropic, favoring the <100> orientation of the Si. This anisotropy, combined with the 

adhesion of solution-masking bubbles from the reaction product, resulted in strong 

“orange-peel” effects and an associated reduction in etch rate.
1
 These effects were 

mitigated by suspending the sample in the solution 1cm above a large and fast-spinning 

stir bar to encourage the departure of reaction-product hydrogen bubbles, and by adding 

isopropyl alcohol to the point of saturation. 

 Isopropyl alcohol has been reported to decrease the Si <100> etch rate in KOH 

due to alcohol molecules adsorbing on the surface of the Si and restricting hydroxide ion 

access to the Si.
2
 This has the end effect of reducing anisotropy and creating a much more 

uniform etch. Indeed, a cleaner etched surface was observed under optical microscope 

after periods of etching. In this experiment the addition of isopropyl alcohol was found to 

increase overall etch rate through the course of etching through the entire 120μm wafer. It 

is possible that the alcohol-enforced surface smoothness during etching provided better 

wetting and fewer easy tethering points for microscopic masking bubbles, thereby 

increasing overall etch rate.  

 

5.2: Schottky diode on transferred silicon: fabrication and analysis 

To test the usefulness of the transferred Si, Schottky diodes were patterned with 

Pd as the contact metal.  The Schottky diode is a simple design in concept and requires no 

high-temperature processing. Furthermore, it is a majority carrier device which should 

make it more resistant to the minority-lifetime-killing exposure to potassium ions that 
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occurred during the etch process. Pd was selected as the metal contact to the n-Si, as it 

adheres well to Si and has a relatively high workfunction of 5.12eV.
3
   

To fabricate the Schottky contacts, the exposed buried oxide layer was removed 

with HF and the sample was immediately loaded into the electron beam vacuum 

chamber, where 1500Å of Pd was evaporated at a rate of 4Å/sec.  Circular dot masks of 

diameter 639μm were formed atop the Pd using standard photolithographic procedures, 

and the surrounding Pd etched with an aqua regia solution (3:2:1 HCL:HNO3:H2O), 

diluted with water to reduce attack of the photoresist. A photograph demonstrating the 

flexibility of the final device is shown in Figure 5.2. 

 

 

Figure 5.2: Photograph of Pd Schottky contacts on transferred 3μm Si bonded to PEN and flexed with 

tweezers. The Si and Pd regions are marked for clarity.  

 

I-V measurements were performed on the diode. The device exhibited general 

rectifying behavior at low voltages as expected. However, plotting the same data in the 

semilog scale and fitting the linear regions to the thermionic model yields values for the 

n-factor and barrier height that are not within reasonable expectations for a Pd/n-Si 
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Schottky diode (Figure 5.3(a)). Taking the device to stronger reverse bias also shows 

large leakage current, as seen in the reverse bias regime of the I-V curve in Figure 5.3(b).   

 

 

Figure 5.3: (a) A semilog IV plot of the same diode. Despite the presence of straight regions (dashed cyan 

and orange lines), the n-factors and barrier heights extracted from the data in those regions are not 

consistent with reasonable expectations. (b) I-V plot of diode made from transferred SOI. High leakage can 

be noted in the reverse bias regime. 

 

Insight can be gained into the origin of these effects by looking closely at the 

surface of the etched Si (Figure 5.4), which has a high density of etch pits. Close 

inspection of these pits reveals clear right-angled geometry that is characteristic of 

anisotropic KOH etching of crystalline Si. Although KOH etches silicon at a rate two 

orders of magnitude faster than that of silicon dioxide,
4
 there were still regions where the 

KOH managed to penetrate the 1μm oxide layer and attack the Si below. This may have 

had the effect of providing shunt paths for electrons, contributing to observed leakage 

current. Furthermore, these holes could allow access for the various etchant chemicals to 

the backside contact metal, thereby degrading the ohmic contact.  
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The size and density of these etch pits has been correlated to the aggressiveness of 

the mechanical lapping step. Reducing the load force and decreasing the grit size of the 

lapping paper are two means of reducing etch pit density; continuing down this path is 

likely the way to eliminate the etch pit problem, although it will significantly increase 

processing time. Eliminating the initial bulk-etching step is not possible in this process, 

as the silver epoxy often begins to debond from the PEN after 10 hours in KOH. 

Adapting the process to other chemical etchants or cryogenic plasma etching is a 

potential route to pursue in improving transferred material quality.  

 

 

Figure 5.4: Nomarski-contrast micrograph of the surface of Si transferred from SOI. Rectangular etch pits 

can be seen, and are outlined in circles for clarity. The diameter of the visible circle in the image is 

approximately 900μm.   

 

 

5.3: SOI transfer: under-etch 

An alternative approach for separating the device-Si layer from SOI is to bond the 

surface to the new substrate and selectively etch the buried oxide layer with hydrofluoric 
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acid, as was discussed in Chapter 1. This technique, as can reasonably be assumed, is 

limited by speed at which fluoride ions can access (and reaction products can escape 

from) the buried oxide via the thin side channels. This was experimentally shown with 

the SOI even after 17 hours submerged in 49% HF (the maximum safe concentration, 

above which the solution becomes dangerously volatile), at which point only 1mm of 

oxide was removed from the sides. The addition of surfactants such as sodium dodecyl 

sulfate to the solution has been proposed to keep the side channels more open,
5
 but this 

was not tested. Unfortunately, the prolonged use of HF precludes the ability to utilize 

titanium as the low-doped n-Si Ohmic metal contact, as HF etches titanium at a rate 50 

times that of silicon dioxide.
4
 

 

References 

                                                           
1
 E.D. Palik, O.J. Glembocki, I. Heard Jr., P.S. Burno, and L. Tenerz. “Etching roughness 

for (100) silicon surfaces in aqueous KOH.” J. Appl. Phys. 70, 3291 (1991).  

 
2
 H. Seidel, L. Csepregi, A. Heuberger, H. Baumgätel. “Anisotropic etching of crystalline 

silicon in alkaline solutions. J. Electrochem. Soc. 137, 3612 (1990).  

 
3
 F.K. Schulte. “A theory of thin metal films: electron density, potentials, and work 

function.” Surface Science. 55, 427 (1976).  

 
4
 K.R. Williams, K. Gupta, M. Wasilik. “Etch rates for micromachining processing – Part 

II.” Journal of Microelectromechanical Systems. 12, 256 (2003). 

 
5
 G.M. Cohen, P.M. Mooney, V.K. Paruchuri, H.J. Hovel. “Dislocation-free strained 

silicon-on-silicon by in-place bonding.” Appl. Phys. Lett. 86, 251902 (2005).  



30 
 

Chapter 6: Single-crystal silicon Schottky diodes integrated on flexible 

substrates using conductive adhesives 

 

 As processing time and expense mounts for the transfer of thin Si from SOI, it 

becomes more appealing to pursue the route of using vendor-supplied thin Si wafers as 

the starting material for flexible crystalline Si devices. At the time of writing, 2μm-thick 

1-inch Si wafers and 5μm-thick 3-inch wafers are available commercially.
1
 These wafers 

are monocrystalline and their elastic flexibility is easily demonstrated in hand with 

tweezers. Flexible Pd-Si Schottky diodes were fabricated from pre-thinned wafer material 

and bonded to polyethylene naphthalate (PEN) substrates using silver-filled adhesives.    

 

6.1:  Fabrication of thin flexible Schottky diodes 

A 5-inch-diameter 30μm-thick n-Si <100> double-side-polished wafer 

(Waferworld, Inc.) was used for this study. Hall-effect and 4-point-probe measurements 

of the wafer indicated a carrier density of 5.6x10
14

/cm
3
.  

Achieving an Ohmic contact for this moderately-low carrier density can be a 

challenge, and so several experiments were performed to optimize the backside contact. 

Wafer pieces were dipped in HF to remove native oxide and immediately loaded into 

vacuum chambers to deposit 800Å of titanium and 2400Å of gold. Both DC sputtering 

and electron-beam evaporation were tested for the deposition of these metal layers. 

950μm-diameter circular masking dots of regular 250μm spacing were 

photolithographically patterned on top of the metal. An iodine-based solution was used to 
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etch the unmasked gold and HF to etch the unmasked titanium. The samples were then 

annealed in a tube furnace under forming gas for 10 minutes (900sccm flow rate, with 

initial 15-min atmospheric purge). The samples were sandwiched between pieces of 

sapphire so as to minimize exposure to any oxygen in the furnace.   

The annealing was carried out for different temperatures ranging between 200°C 

to 450°C, and afterwards I-V measurements performed between dots.  The results of 

annealing were mixed for low-temperature and sputtered samples, where the annealed 

product was often still non-linear in resistance across different voltages. But there was a 

consistent and dramatic improvement for evaporated films, as can be seen in Figure 6.1, 

which shows good Ohmic properties for samples annealed at 450°C.  

 

Figure 6.1: Current-voltage measurements between Ti/Au circular contacts on Si after annealing at various 

temperatures.  

 

The 450°C annealed electron-beam evaporated Ti/Au was then used as the 

backside contact on the 30μm Si wafer for the fabrication of flexible Schottky diodes.  
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Following annealing, the samples were affixed to a sapphire handle wafer with an 

adhesive layer of Shipley S1818 photoresist to facilitate handling. After this temporary 

bonding, a 1500Å Pd film was evaporated on the front side as the Schottky metal and 

950μm-diameter circular dot masks were patterned on the front with photoresist. The 

surrounding Pd was etched with diluted aqua regia (3:2:1 HCL:HNO3:H2O, 40 seconds, 

room temperature), and a 3μm silicon isolation mesa was etched with CP-4 (2:5:5 

HF:HNO3:CH3COOH, 10 seconds, room temperature) to reduce edge leakage current. 

The final device structure is shown in Figure 6.2, along with a micrograph of the surface.  

 

 

Figure 6.2: (a) Side-view structure of flexible thin Si-Pd Schottky diode. (b) Micrograph of surface. Light-

colored circular regions are Pd, and the gray textured region is Si.  

 

Following device processing, the thin wafer was carefully debonded from the 

sapphire handle with an overnight soak in acetone and re-bonded to the PEN substrate 

with double-sided silver tape (Nisshin Em Co., Ltd.). 
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The temporary sapphire handle was included to address logistical difficulties 

encountered when processing the 30μm-thick wafers. Thin wafer pieces were 

exceptionally challenging to handle in the nano3 cleanroom facility, as air currents from 

the air filtration and fume hood exhaust systems could spontaneously pick them up and 

whisk them away. Furthermore, the vacuum holes in the chucks for various processing 

equipment readily deformed the surface, which posed a particular challenge in achieving 

photolithography planarization. The sapphire backing solved both of these problems and 

provided an extra barrier to protect the backside during chemical processing of the front.  

 

6.2: Current-voltage characteristics 

Current-voltage measurements were taken with an Agilent B1500 Semiconductor 

Device Analyzer of the 950μm-diameter diodes, and the results fitted to the thermionic 

model of Schottky diodes. The results of the data fitting are shown in Figure 6.3.   
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Figure 6.3: Current-voltage behavior of the 30μm-thick Si-Pd diode, shown in semilog scale. Also shown 

(dashed line) is the exponential best-fit line used to model the ideal thermionic behavior. 

 

From the exponential fit, the ideality factor (n-factor) of the diode was determined 

to be 1.02 (±.02), which is among the closest to unity seen in the literature,
2
 and well 

within the accepted upper bound of 1.1 for which the metal-semiconductor barrier height 

can be reliably extracted
3
. The computed barrier height was 0.77eV (±.01eV), which also 

is consistent with the literature for Pd-nSi systems. 
4,5,6

  

The region in the figure to the right of the thermionic regime bends downward. 

This is due to the increased relative influence of series resistance at higher voltages. A 

value for this resistance can be extracted from the data by extrapolating the exponential 

fit into the high voltage regime and determining the ΔV between the extrapolation and the 

data at a reference current level. The extrapolation and reference current are both 

illustrated with dashed lines in Figure 6.4. From this method, the series resistance was 

determined to be 82Ω (±62Ω).   

0 0.1 0.2 0.3 0.4 0.5 0.6
10

-10

10
-8

10
-6

10
-4

10
-2

10
0

Voltage (V)

C
u
rr

e
n
t 

(A
)

 

 

data

exponential fit



35 
 

 

Figure 6.4: Semilog-scale plot of current-voltage data, along with extrapolated ideal region and constant 

current level chosen in the series resistance regime above ~0.5V. The intersections of these curves are used 

to extract series resistance of the diode. 

 

As shown in Figure 6.5, there was no sign of breakdown down to -100V (which 

was the high voltage limit of the measurement equipment). The reverse current at -100V 

was -70nA.  
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Figure 6.5: Current-voltage response of diode under high reverse bias, showing no sign of breakdown to 

 -100V.   

 

To evaluate a different option for backside adhesive, a second set of devices was 

fabricated using a silver-filled epoxy (Resinlab®) in lieu of silver tape. Results for the n-

factor and barrier height were consistent between the two sets, within experimental 

scattering. The silver-filled tape offered smaller series resistance in experiments, but care 

should be taken in comparing the two on this aspect, as there was little or no control over 

variation in epoxy layer thickness which affects lateral conduction. 

As stated above, the diodes were fabricated with a Si mesa 3μm high to isolate the 

metal-semiconductor contact region and improve performance.
7
 To validate the merit of 

this additional processing step, an I-V measurement was performed before and after a 

mesa isolation etch on a thicker n-Si wafer of comparable resistivity, in which the 

patterned Pd dot itself was used as a Si etch mask. The immediately-visible difference in 

response to the etch is shown in Figure 6.6, in which the ideal thermionic region (a 
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straight line in this semilog plot) goes from practical nonexistence to a straight line 

spanning four decades in the current axis. 

  Reverse current measured at -5V was also reduced by four orders of magnitude 

in response to the mesa etch. This is believed to be the result of a reduction of edge 

leakage. The electric field can be significantly higher at sharp points in a conductor such 

as the edge of an etched thin-film. Such a high localized electric field will induce 

leakage; by isolating these high-field regions from the silicon, the mesa serves to reduce 

leakage and improve diode performance.
8
  

 

Figure 6.6: Semilog plot of current-voltage response  of diode before and after etching an electrically-

insulating mesa structure beneath the Schottky contact. Introduction of the mesa (dashed line) significantly 

improves ideality of the diode, as can be seen by the straight region in the log scale between 0 and 0.4V.  

 

6.3: Capacitance-voltage characteristics 

Capacitance-voltage measurements were also performed on the tape-bonded diodes. Per 

the methods outlined in Chapter 4, a linear fit was applied to the 1/C
2
 vs. Vreverse data. 
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Figure 6.7 shows the excellent linearity of the data in this transformation. From this linear 

fit, a barrier height of 0.76eV (±.01eV) and a donor concentration Nd = 4.5x10
14

/cm
3 

were calculated. The I-V and C-V analyses of barrier height agree to within 3.2% (see 

Table 6.1). Furthermore, the value of Nd is roughly consistent with Hall Effect 

measurements of other cleaved pieces of the same wafer, from which a donor 

concentration of 5.6x10
14

/cm
3 

was determined.    

 

Figure 6.7: Capacitance measurements of diode plotted as 1/C
2
, as a function of reverse bias voltage. The 

data shows a very high degree of linearity in this transformation.  

 

 

Table 6.1: I-V and C-V barrier height, n-factor, and series resistance of 30μm-thick Si/Pd Schottky diodes 

bonded to PEN with different adhesives. 

Adhesive ΦB(I-V)  ΦB(C-V) n-factor 
Series 

Resistance 

Tape 0.77eV 0.76Ev 1.02 82Ω 

Epoxy 0.79eV - 1.04 3400Ω 
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6.4: Effect of strain on diode barrier height 

Work by Liao et al. reported in Applied Physics Letters has noted a depression of 

barrier height in nSi-Pt systems due to the introduction of uniaxial tensile strain.
9
 The 

cause of this effect is theorized to be the downshift of the conduction band edge, and is 

reported to be 22meV/(% uniaxial strain) for silicon at Nd=1x10
15

cm
-3

.  To investigate 

such stress-induced barrier lowering in these flexible diodes, the devices were subjected 

to varying amounts of uniaxial strain,
10

 as seen in the photograph of the experimental 

setup in Figure 6.8.  

 

 

Figure 6.8: Custom-designed apparatus to induce variable uniaxial strain to a device.  
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Figure 6.9: Side-view of thin flexible adhesively-bonded Si/Pd/PEN Schottky diode being flexed by the 

strain apparatus in Figure 6.8. The crystal orientation of the substrate is shown for clarity.  

 

The sample was centered over a fixed horizontal rod. One end of the sample was 

immobilized while the other end was bent downward via a needle attached to a 

micromanipulator (Figure 6.9). At various stages of flexion, electrical probes were placed 

on the device contacts and I-V behavior of the diode was measured. From this data, the 

barrier height, series resistance, and n-factor were calculated. Bending was performed 

down to a 1.2cm radius of curvature (which is suitably larger than the tested mechanical 

breakage radius of curvature of ~3mm). The results are shown in Figure 6.10, plotted as a 

function of the vertical displacement of the mobile end of the sample substrate, such that 

higher vertical displacement corresponds to higher tensile strain at the Si-Pd interface 

(the largest vertical displacement of 5mm corresponds to the smallest radius of curvature 

of 1.2cm). 
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Figure 6.10: Variation of (a) barrier height, (b) series resistance, and (c) n-factor as a function of vertical 

displacement of the diode substrate under strain.  

 

From geometrical considerations, the strain  was calculated to be 0.13%.
11

 

Assuming a Young’s Modulus of silicon λSi of 160GPa
12

 and applying Hooke’s Law, this 

strain corresponds to a stress of 200MPa. Upon observation of the data in Figure 6.10, 

one can conclude that average barrier height, series resistance, and n-factor are 
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effectively uncorrelated with strain, indicating that the device retains operability across a 

wide range of flexion. In any case, the barrier reduction noted by Liao et al. was only 

22meV/% strain, which would correspond to a barrier lowering of 0.003eV, which is 

below our experimentally-resolvable limit.  

 

6.4: Effects of annealing 

As discussed in Chapter 2, accelerated lifetime tests were performed on the 

adhesive-bonded diodes by exposing them to air at room temperature for 90 days and at 

80°C for two weeks. I-V measurements were taken at various stages during the test, and 

the extracted values for n-factor, barrier height, and series resistance are shown in Figure 

6.11. 

  It was observed that the I-V barrier heights of the diodes increased slightly as a 

result of heating for two weeks (3.9% in the tape case). This is likely related to the metal-

semiconductor junction, where the low-temperature annealing may have helped mitigate 

oxidation effects and form a palladium silicide, which is known to have a barrier height 

close to that of palladium in silicon junctions.
4
 Series resistance, which is the parameter 

most likely to experience an increase due to adhesive decomposition, showed a 4.9% 

increase on average for the tape-bonded samples and a 1.2% increase on average for the 

epoxy-bonded samples after heating.   Further research is needed to verify long-term 

stability, but these results provide a promising indicator that the tape and epoxy exhibit a 

degree of resistance to degradation when used as a backside contact of diodes to PEN. 
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Figure 6.11: Accelerated lifetime testing data on tape-bonded (a-c) and epoxy-bonded (d-f) diodes. In each 

case, the data for three samples is shown, each in a different color. The series resistance of the green curve 

in figure (c) was taken from a 639μm-diameter diode, and an area ratio correction factor was applied to the 

data to provide appropriate comparison to the other 950μm-diameter diodes. 

 

6.5: Isothermal solidification for bonding diodes to PEN 

  Isothermal solidification bonding, as discussed in Chapter 2, was investigated as 

an alternative to the adhesive bond of flexible Si Schottky diodes to PEN. The annealed 

Pd/In stack does not form a satisfactory Ohmic contact to the low-doped n-type silicon 

even after annealing to form In7Pd3, and so a backside contact to the thin Si was made as 
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before with Ti/Au annealed at 450°C. Pd was deposited on top of the annealed Ti/Au and 

the Pd/In/Pd stack was deposited on the PEN. After bonding at 180°C for 3 hours, 

circular Pd Schottky contacts were fabricated on the topside of the Si as in the adhesive-

bonded case.  

 I-V characteristics were measured of the metal-bonded diodes. The barrier heights 

of the diodes were consistent at 0.77eV, but n-factors of 1.12-1.20 were slightly higher 

than for the typical adhesive-bonded diodes. Series resistance was higher as well, in the 

200-300Ω range. Due to the clamping pressure required to ensure bonding in isothermal 

solidification, the thin silicon wafers often cracked during bonding to PEN substrates, 

which were often not perfectly flat. This had a negative impact on device yield since 

bond areas were typically not larger than a few square millimeters. 

 

This chapter is, in part, is a reprint of material that has been submitted for 

publication.  Doran, Christopher; Chen, Wayne; Alford, Terry; Lau, S.S. The thesis 

author was the primary investigator and author of this paper. 
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Chapter 7: Segmentation as a method for introducing flexibility to solar 

cells 

 

Flexible electronic devices, especially when integrated on polymer backings, have 

advantages of toughness, portability, and the versatility to conform dynamically to 

variably-shaped surfaces. These features are especially attractive for solar photovoltaics 

for novel applications such as solar cells mountable on curved rooftops or textiles.  

Flexibility in solar photovoltaics today is typically achieved by keeping the 

semiconductor material very thin, on the order of a few or few tens of microns.
1,2,3

 But 

alternatively, one can make a solar cell effectively flexible by introducing regular 

segmentation on a small scale relative to the desired radius of curvature. This is the same 

principle by which a tank tread is effectively flexible yet composed of rigid steel. This 

approach has the advantage of maintaining the large single-crystal area that contributes to 

electrical performance,
4,5

 while not sacrificing volume for photon absorption.
6
 

Additionally, it can be a post-process step that is performed after standard solar cell 

fabrication. If the segmentation is induced by fracturing along natural cleavage planes 

instead of full scribing, the edge damage can be minimized. The cut lines can be 

automatically parallelized for properly-chosen wafer crystal orientation.
7
 Furthermore, 

when implemented with brittle wafers such as InP or other III-V semiconductors, 

segmentation provides an additional degree of durability to the final product by 

introducing mechanical joints to reduce wafer stress resulting from movement or impact.  
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The investigation of the segmentation technique was carried out on an 

unoptimized multiple-quantum-well InP/InGaAs/InGaAsP photovoltaic cell 

approximately 400μm in thickness. The structure is shown in Figure 7.1.  

 

 

Figure 7.1: Side-view of multiple-quantum-well solar cell structure of total thickness ~400μm. 

 

7.1: Fabrication 

The sample was grown by metalorganic chemical vapor deposition, and an Ohmic 

contact consisting of Ti(500Å) / Pd(500Å) / Au(1000Å) was deposited on the top side. 

This top contact was patterned via a lift-off process into a current-collecting grid that 

provided windows for the incident light to reach the semiconductor. This gold-capped 

grid was then used as an etch mask in the wet-chemical removal of the absorbing layer of 

p-InGaAs in the window regions. A 15nm silicon dioxide layer was sputtered over the 

semiconductor to passivate the top surface, followed by the deposition of Ohmic contact 

consisting of Ti(500Å) /  Pd(500Å) / Au(2000Å) on the back side. The device was then 

bonded to a flexible polyethylene naphthalate (PEN) substrate via a highly pliable and 
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electrically conductive silver-filled double-sided tape (Nisshin Em Co., Ltd.) of 170μm in 

nominal thickness. The current-voltage (I-V) response of the solar cell was evaluated in 

the dark and under illumination from a Newport 96000 150W Solar Simulator with an 

AM1.5 filter. 

After the initial measurements, 9 parallel fracture lines along the InP cleavage 

plane were introduced by partially scribing every 2.3mm and applying gentle radial 

pressure to the wafer over a 6mm-diameter steel rod. A post-cleavage device is shown in 

Figure 7.2, with each segment about 2.3 mm x 6.4 mm in area.  Electrical joining of the 

segments’ top contacts was accomplished by an additional 0.8mm-wide strip of silver 

tape across the top metal bus bar. I-V characteristics were re-measured. Individual 

segments were then themselves cleaved into three sub-segments for further analysis. 
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Figure 7.2: (a) Diagram of segmented cell with electrical connector across the bus bar. (b) Photograph of 

solar cell after bonding and segmentation. 

 

7.2: Evaluation 

The dark I-V measurement (Figure 7.3a) shows a reduction in forward current in 

the segmented device as compared to itself before any cleaving took place. This reduction 

is likely primarily due to poor electrical contact between the top metal contact and the top 

silver tape strip that connects the segments. There is also an increase in negative current 

in the reverse bias regime. It was found that this leakage can be mitigated with a chemical 

etch of the exposed edges to remove crystal defects induced by the segmentation.
8
  There 

was no difference in dark I-V behavior of the segmented device when measured un-bent 

versus when measured while curved over a 5cm radius of curvature. The response of the 
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segmented device under solar illumination is shown in Figure 7.3b. While the 

segmentation degrades diode performance, the device still remains a viable solar cell. 

 

Figure 7.3: Current-voltage characteristics of (a) the solar cell before and after segmentation in the dark, 

and (b) the segmented solar cell under dark vs. simulated sunlight conditions.   

 

Each 2.3mm×6.4mm segment was further fractured into 3 equal-sized sub-

segments (Figure 7.4) to verify that the structure could achieve an additional degree of 

freedom in flexibility. These sub-segments were removed from the plastic backing and 

individually measured for solar conversion efficiency.  
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Figure 7.4: Visualization of how original solar was segmented and subsequently sub-segmented for 

analysis. 

 

The efficiency η of the solar cell is defined as: 

     [equation 7.1] 

where max(I×V) is the maximum of the product of current and applied voltage, and Pin is 

the solar irradiance (1.2kW/m
2 

as measured) multiplied by the exposed semiconductor 

area.  

Two methods of analysis were carried out to compare the efficiency of the solar 

cell segments to their constituent sub-segments. In the first method of analysis, the I-V 

curves of individual sub-segments were summed together as if connected in parallel and 

the efficiency based on the resultant I-V curve was calculated. In the second method of 

analysis, efficiencies of individual sub-segments were calculated independently and then 

combined in an area-weighted average, in a manner that allows small variation in 

maximum-power-point voltages to be taken into account. In both methods of analysis, the 
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efficiency was found to be 10% higher for the combination of separately-measured sub-

segments than for the individual segment. The data are shown in Table 7.1. 

 

Table 7.1: Efficiencies of unoptimized solar cell segment and its constituent sub-segments. 

Sample Active area 

efficiency (%) 

Segment 2.8 

Sub-segment A 2.7 

Sub-segment B 3.3 

Sub-segment C 3.5 

  Sub-segments A-C: summed I-V 3.1 

Sub-segments A-C: area-weighted 

average 

3.1 

 

The efficiency of the individual segment was found to be closer to those of the 

worst-performing constituent sub-segments than to those of the best-performing ones. 

These results are understood in the light of previous observations that solar cell efficiency 

is highly dependent on the uniformity of the device across its active area,
9,10,11

 such that 

one weak sector can impair the whole-wafer performance.
12

 If material layer uniformity 

is a problem for solar cell fabrication, segmentation may add value in providing a means 

to identify poorly-performing segments and enable their isolation or replacement.  

Post-process cleavage-plane-directed segmentation has been investigated as a 

method of introducing flexibility to thick multiple-quantum-well solar cells bonded to 

plastic substrates. A working flexible segmented solar cell was demonstrated, albeit with 

increased leakage due to cleavage-induced damage and edge recombination. The 

efficiency of uncleaved devices was found to be heavily influenced by the worst-

performing constituent segment, suggesting an additional advantage of segmentation 
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which is the ability to localize and replace underperforming sectors in devices with low 

uniformity.  

 

This chapter is, in part, is a reprint of material that has been submitted for 

publication.  Doran, Christopher; Chen, Winnie; Yu, Paul; Alford, Terry; Lau, S.S. The 

thesis author was the primary investigator and author of this paper. 
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Chapter 8: Summary and future work 

 

8.1: Summary of the thesis 

 The integration of flexible devices with polymer substrates using intermediate 

bonding agents was investigated in this thesis. Conductive adhesive agents such as silver-

filled double-sided tape and epoxy enable the bonding of Si, InP, and GaAs to 

polyethylene naphthalate (PEN) substrates in a manner that is not processing-intensive 

while still permitting backside electrical contact.  

A flexible light-emitting diode (LED) was fabricated from a functional bulk 

GaAsP LED by backside removal and subsequent bonding with conductive epoxy to 

PEN. This demonstration device was successful, albeit with limited flexibility and 

diminished forward current as compared to the original device before thinning. The 

backside material removal technique was employed again to transfer a 3μm-thick silicon 

layer to plastic for the fabrication of flexible Schottky diodes. An integrated oxide etch-

stop layer improved the planarization of the back-etch process as compared to the LED 

case, but etch pits debilitated diode performance.  

 High-quality flexible Pd-Si Schottky diodes were fabricated from commercially-

available 30μm-thick silicon wafers and integrated with plastic substrates with 

conductive silver tape as well as with conductive epoxy. Diode performance remained 

consistent across a large range of mechanical flexion and a two-week accelerated lifetime 

test demonstrated minimal degradation. Diodes bonded to the plastic substrate with 

adhesives performed better than diodes bonded with the low-temperature In/Pd alloy in 
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terms of low ideality factor, low series resistance, and high range of flexion before 

mechanical failure.  

 Finally, regular cleavage-plane-directed segmentation was investigated as a 

simple method of introducing flexibility to multiple-quantum-well solar cells with a total 

thickness on the order of a few hundred microns. Segmentation and parallel electrical 

connection was found to degrade dark-condition diode performance as compared to the 

virgin device, but functionality was retained when operated as a solar cell. Segments 

themselves were further cleaved into sub-segments which were individually analyzed for 

solar conversion efficiency. The poorest-performing sub-segments were found to be 

highly influential in reducing the efficiency of their parent segments.   

 

8.2: Future work 

  Conductive adhesive bonding has been demonstrated to be effective in the 

integration of single-crystal semiconductors to plastic substrates in the fabrication of 

flexible devices. However much remains to be studied in this field. 

 First and foremost is a thorough evaluation of the lifetime functionality of the 

adhesives. Although accelerated-lifetime tests were performed, they only provide an 

indicator of long-term functionality. Lifetime testing needs are not limited to electrical 

performance but mechanical as well, if the flexibility of devices is to be utilized to its 

fullest capacity.  

 Etch-back was given limited treatment in this work for the transfer of thin 

material layers bonded with conductive adhesives to new substrates. Conductive 

adhesives remain an attractive option in this paradigm, and better-refined processes for 
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the backside removal step should be investigated to transfer material for devices that 

require a backside contact. An exciting line of research is also open for conductive epoxy 

bonding in material transfer by ion-cutting.  
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Appendix: MATLAB script for analysis of Schottky diodes 
 

 

A.1: I-V data 
 

% This script is intended to read data files in "my format" from the 

% Agilent B1500 Semiconductor Device Analyzer. First column is voltage, 

and 

% second column is current. Fits data to Schottky thermionic model. 

% calculates barrier height, n-factor, series resistance 

% Christopher Doran (2011) <chriskgd@gmail.com> 

  

%clean start: 

clc; close all; clear all; 

%=========================BEGIN general USER 

INPUT=========================== 

T=273+21;   %in Kelvin. 21C is typical temperature for nano3 

characterization %lab 

showDataGraphs=1; %1 to show plots, 0 to not 

defaultPath='C:\Documents and Settings\ckdoran\My Documents\*.txt'; 

%Machine-%dependent (be sure to keep: "\*.txt") 

macToggle=1; %1 if using a mac, 0 if windows machine 

  

%=========================END general USER 

INPUT=========================== 

%define physical constants 

k_j = 1.381e-23; %joule/K 

q = 1.602e-19; 

evtoj=1.602e-19; %eV to joule 

jtoev=1/evtoj;  %joule to eV 

richardson_si=120*100^2 *2.05; %Richardson constant. amp/meter^2-K^2 

  

if macToggle 

    headerLines=13; 

else  

    headerLines=7; 

end 

diameter=-1; %null value 

Eg=1.12*evtoj;  %bandgap of Silicon in SI units 

ni=1.45e10 *100^3;  %intrinsic carrier concentration of Si at 300K 

(mayer) 

 answer2 = {'.05','.4','.9998','.1'};   %default values for dialog box. 

  

%% IV analysis  

%input diameter and data file 

[IV_filename,IV_pathname]=uigetfile(defaultPath,'choose I-V file'); 

dataSet_IV=importdata(strcat(IV_pathname, 

IV_filename),',',headerLines);  %delimeter depends on file format 

prompt = {'Enter dot diameter in microns'}; 

def={'950'}; 

dlg_title = 'Device parameters'; 

num_lines = 1; 

answer = inputdlg(prompt,dlg_title,num_lines,def); 

diameter=str2num(char(answer(1)))*1e-6; 
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defaultPath=strcat(IV_pathname,'*.txt'); 

  

disp(strcat('------ I-V Calculations:  "',IV_filename, '" --------')); 

%------begin tweak input-------- 

RsBounds=[.7,1];   %in volts, for series resistance area 

IVZoomBounds=[0,.5]; %bounds to plot turn-on region 

logIZoomBounds=[0,.7];  %bounds to plot ln(I)-V 

%------end tweak input-------- 

  

%intro operations/calculations 

current=dataSet_IV.data(:,2);        

voltage=dataSet_IV.data(:,1); 

area=pi*(diameter/2)^2; 

display(strcat('metal area :',num2str(area),'[m^2]')); 

[temp,indexLo]=min(abs(voltage));%only take positive values 

voltage=voltage(indexLo:length(voltage)); 

current=current(indexLo:length(current)); 

lnCurrent=log(current); 

  

%------find turnon voltage------- 

%isolate data within bounds 

[temp,indexLo]=min(abs(voltage-RsBounds(1))); 

[temp,indexHi]=min(abs(voltage-RsBounds(2))); 

turnOnVoltRange=voltage(indexLo:indexHi); 

turnOnCurrentRange=current(indexLo:indexHi); 

  

%linear fit in Rs region 

fitCoeffs_turnOn= polyfit(turnOnVoltRange,turnOnCurrentRange,1); 

fit_turnOn=       polyval(fitCoeffs_turnOn,turnOnVoltRange); 

%estimate for V_T, the turn-on voltage: 

turnOnVoltage=-fitCoeffs_turnOn(2)/fitCoeffs_turnOn(1); 

disp(strcat('turn-on voltage:  ',num2str(turnOnVoltage))); 

RsSampleVoltages=[-1000, turnOnVoltage+1.5]; 

  

%------find n-factor, R_series---------- 

%isolate data within bounds 

linearSwingRange=[NaN,.5];  %lower bound prompted by user, upper bound 

big 

searchRange=[.1,.2]; 

  

%show image to prompt user for initial guesses 

figure; 

plot(voltage,lnCurrent,'linewidth',2); 

xlabel('voltage'); 

ylabel('ln(current)'); 

title(strcat('log(I)-V:.. ',IV_filename)); 

xlim([0,turnOnVoltage+1]); 

satisfied=0; 

  

%shrink and sweep fit domain until satisfied that fit correlation is 

greater %than minCorrelation 

while ~satisfied 

    prompt = {'Search range for linear region: start (in volts)=',... 

        'end (in volts)=',... 

        'minimum acceptable Correlation = ',... 
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        'minimum acceptable length of fit line (volts)'}; 

    dlg_title = 'Input for IV'; 

    num_lines = 1; 

    def = answer2; 

    answer2 = inputdlg(prompt,dlg_title,num_lines,def); 

    searchRange(1)=str2num(char(answer2(1))); 

    searchRange(2)=str2num(char(answer2(2)));  

    minCorrelation=str2num(char(answer2(3))); 

    linearSwingRange(1)=str2num(char(answer2(4))); 

    swingStep=-1*(voltage(2)-voltage(1)); 

    offsetStep=1*(voltage(2)-voltage(1));     

  

    %find optimal linear fit     

    for linearSwing=linearSwingRange(2):swingStep:linearSwingRange(1); 

        if(satisfied) 

            break; 

        end 

        offset=searchRange(1); %new 

        [temp,indexLo]=min(abs(voltage-offset)); %new 

        [temp,indexHi]=min(abs(voltage-offset-linearSwing)); %new 

        while (offset<=searchRange(2))&&(voltage(indexHi)… 

>=searchRange(1))&&(voltage(indexHi)… 

<=searchRange(2)) 

            [temp,indexLo]=min(abs(voltage-offset)); 

            [temp,indexHi]=min(abs(voltage-offset-linearSwing)); 

            thermVolt=voltage(indexLo:indexHi); 

            thermLnCurr=lnCurrent(indexLo:indexHi); 

             

            %linear fit in thermoionic region 

            fitCoeffs_therm= polyfit(thermVolt,thermLnCurr,1); %goes 

as: %(x^2,x^1,x^0) 

            fit_therm=       polyval(fitCoeffs_therm,thermVolt); 

            correlationMat= corrcoef(fit_therm,thermLnCurr); 

            correlation=correlationMat(1,2); 

            if correlation>minCorrelation 

                disp(strcat('correlation:  ',num2str(correlation))); 

                satisfied=1; 

                break; 

            end 

            offset=offset+swingStep; %new 

        end 

    end     

    numDecades=log10(exp(max(fit_therm)-min(fit_therm))); %decades of 

%linearity        

end 

  

%calculate n-factor 

slope_therm=fitCoeffs_therm(1); 

n=q/(k_j*T*slope_therm); 

disp(strcat('n-factor:  ',num2str(n))); 

  

if satisfied 

    disp(strcat('decades of linearity:  ',num2str(numDecades))); 

else 
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    disp(strcat('WARNING: could not get linear fit with correlation 

greater than:  ',num2str(minCorrelation))); %if correlation is never 

greater than %minCorrelation 

     

end 

%find series resistance by comparing thermionic extrapolation vs. real 

high-%bias data 

[temp,index2]=min(abs(voltage-RsSampleVoltages(2))); 

tieLine = lnCurrent(index2); 

RsSampleVoltages(1)=(tieLine-fitCoeffs_therm(2))/fitCoeffs_therm(1); 

Rs=(RsSampleVoltages(2)-RsSampleVoltages(1))/exp(tieLine); 

disp(strcat('series resistance:  ',num2str(Rs))); 

  

%----find barrier height--------- 

%y-intercept of thermoinic line (in log) 

y_intercept=fitCoeffs_therm(2); 

Js=exp(y_intercept)/area;       %convert to real units, get Js 

barrier_IV=k_j*T/q*log(richardson_si*T^2/Js); 

disp(strcat('barrier height  :',num2str(barrier_IV))); 

  

%----VISUALS--------- 

%logI-V with fitted linear region 

hold on; % hold over from logI-V graph zoomed 

if satisfied 

    plot(thermVolt,fit_therm,'--g','linewidth',3); 

    legend('data','linear fit'); 

end 

  

if showDataGraphs 

    %zoomed-out IV to show Rs fit 

    figure; 

    plot(voltage,current,'linewidth',2); 

    xlabel('voltage'); 

    ylabel('current'); 

    title('IV raw data'); 

    hold on; 

    plot(turnOnVoltRange,fit_turnOn,'--g','linewidth',2); 

    legend('data','linear fit to find Vt'); 

     

    %IV zoomed in to turn-on area 

    figure; 

    plot(voltage,current,'linewidth',2); 

    xlabel('voltage'); 

    ylabel('current'); 

    title('I-V zoom'); 

    xlim(IVZoomBounds); %change to dynamic zoom range 

     

    %logI-V with Rs parameters 

    figure; 

    plot(voltage,lnCurrent,'linewidth',2); 

    xlabel('voltage'); 

    ylabel('ln(current)'); 

    title('log(I)-V - Rs calculations'); 

    hold on; 

    plot([0,RsSampleVoltages(1)],… 
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[fitCoeffs_therm(2),fitCoeffs_therm(2)+fitCoeffs_therm(1)… 

*RsSampleVoltages(1)],'--c','linewidth',2); 

    x1=RsSampleVoltages(1); 

    x2=RsSampleVoltages(2); 

    y2=tieLine; 

    y1=y2; 

    plot([x1,x2],[y1,y2],'--r','linewidth',2); 

    legend('data','linear fit','constant current … 

 level','Location','SouthEast'); 

end 

display('-------------------------------------------------'); 
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A.2: C-V data  

% This script is intended to read data files in "my format" from the 
% Agilent B1500 Semiconductor Device Analyzer. First column is voltage, 

and 
% second column is capacitance. Fits data to Schottky thermionic model. 
% calculates barrier height, doping concentration, image force lowering 
% Christopher Doran (2011) <chriskgd@gmail.com> 

  
%clean start: 
clc; close all; clear all; 
%=========================BEGIN general USER 

INPUT=========================== 
T=273+21;   %good temperature assumption for nano3 characterization lab 
showDataGraphs=1; %1 to show plots, 0 to not 
defaultPath='C:\Documents and Settings\ckdoran\My Documents\*.txt'; 

%CHANGE %THIS (be sure to keep: "\*.txt") 
flipCV=1;  %toggle flipping voltage axis if not showing V(reverse) 
macToggle=0; %1 if using a mac, 0 if windows machine  
%=========================END general USER 

INPUT=========================== 
%intro stuff 
if macToggle 
    headerLines=13; 
else  
    headerLines=7; 
end 
diameter=-1; %null value 
filePrompt=1;       %don't worry about this one 
evtoj=1.602e-19; %eV to joule 
jtoev=1/evtoj;  %joule to eV 
Eg=1.12*evtoj;  %in SI 
ni=1.45e10 *100^3;  %intrinsic carrier concentration of Si at 300K 

(mayer) 
k_j = 1.381e-23; %joule/K 
q = 1.602e-19; 
epsilon_0=8.85e-12; %farads/meter 
epsilon_r=11.9;     %relative permittivity for Si (mayer,lau) 

  
%% CV analysis 
diameter=-1; %null value 
if filePrompt 
    [CV_filename,CV_pathname]=uigetfile(defaultPath,'choose C-V file'); 
    dataSet_CV=importdata(strcat(CV_pathname, 

CV_filename),',',headerLines); 
    if diameter<0 %if haven't gotten diameter yet 
        prompt = {'Enter dot diameter in microns'}; 
        def={'950'}; 
        dlg_title = 'Device parameters'; 
        num_lines = 1; 
        answer = inputdlg(prompt,dlg_title,num_lines,def); 
        diameter=str2num(char(answer(1)))*1e-6; 
        defaultPath=strcat(CV_pathname,'*.txt'); 
    end 
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else 
CV_definedFile='C:\Documents and Settings\ckdoran\My … 

Documents\040511\D1\big 1mv step IV.csv'; %for testing purposes 
    dataSet_IV=importdata(IV_definedFile,',',7); 
    diameter=1e-3;  %136L big 
end 

  
disp(strcat('------ C-V Calculations:  "',CV_filename, '" --------')); 

  
%===========================END USER 

INPUT================================ 

  
%intro operations/calculations 
area=pi*(diameter/2)^2; 
dataSet_CV=importdata(strcat(CV_pathname, CV_filename),',',7); 
capacitance=dataSet_CV.data(:,2); 
voltage_CV=dataSet_CV.data(:,1); 
if flipCV 
    voltage_CV=-voltage_CV; 
end 
[temp,indexLo]=min(abs(voltage_CV));%only take positive values 
voltage_CV=voltage_CV(indexLo:length(voltage_CV)); 
capacitance=capacitance(indexLo:length(capacitance)); 

  
if showDataGraphs 
    %raw CV data 
    figure; 
    plot(voltage_CV,capacitance,'r','linewidth',2); 
    xlabel('reverse voltage [V]'); 
    ylabel('capacitance [F]'); 
    title('raw capacitance data'); 
end 
cSq=1./capacitance.^2; %C^(-2) 
%------linear fitting---------- 
% 1/C^2 data 
figure; 
plot(voltage_CV,cSq,'r','linewidth',2); 
xlabel('Reverse voltage (V)'); 
ylabel('1/C^2 (Farad^{-2})'); 
title(strcat('1/C^2 plot:..',CV_filename)); 
answer = {'1','3','.9998','.5'}; %default values to put in dialog box 
satisfied=0; 
% continually shrink and shift fit domain until correlation 

>minCorrelation 
while ~satisfied 
    prompt = {'Search range for linear region: start (in volts)=',... 
        'end (in volts)=',... 
        'minimum acceptable Correlation = ',... 
        'minimum acceptable length of fit line (volts)'}; 
    dlg_title = 'Input for CV'; 
    num_lines = 1; 
    def = answer; 
    answer = inputdlg(prompt,dlg_title,num_lines,def); 
    searchRange(1)=str2num(char(answer(1))); 
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    searchRange(2)=str2num(char(answer(2))); 
    minCorrelation=str2num(char(answer(3))); 
    linearSwingRange(1)=str2num(char(answer(4))); 
    linearSwingRange(2)=searchRange(2)-searchRange(1); 

     
    for linearSwing=linearSwingRange(2):-.1:linearSwingRange(1); 
        if(satisfied) 
            break; 
        end 
        for offset=searchRange(1):abs((voltage_CV(2)- … 

 voltage_CV(1))):searchRange(2) %tweak stepsize for speed 

             
            [temp,indexLo]=min(abs(voltage_CV-offset)); 
            [temp,indexHi]=min(abs(voltage_CV-offset-linearSwing)); 
            linearVolt=voltage_CV(indexLo:indexHi); 
            linearCap=cSq(indexLo:indexHi); 

                         
            %linear fit in thermoionic region 
            fitCoeffs_CV= polyfit(linearVolt,linearCap,1); %goes as: 

%(x^2,x^1,x^0) 
            fit_CV=       polyval(fitCoeffs_CV,linearVolt); 
            correlationMat= corrcoef(fit_CV,linearCap); 
            correlation=correlationMat(1,2); 
            if correlation>minCorrelation 
                satisfied=1; 
                break; 
            end 
        end 
    end 
end 

  
%the important calculations 
b=fitCoeffs_CV(2); 
a=fitCoeffs_CV(2)/fitCoeffs_CV(1); %made positive 

  
%calculate built-in voltage, dopant concentration, Ec-Ef 
Vbi=a + k_j*T/q;     %in SI 
Nd =2*a/(area^2*q*epsilon_r*epsilon_0*b); 
Nd_cm = Nd*100^-3 %in cm^-3 for relavent output to console 
EcEf=Eg/2-k_j*T*log(Nd/ni); 
barrier_CV=q*Vbi+EcEf; %barrier height 
barrier_CV_eV=barrier_CV*jtoev 

  
%maximum electric field 
Emax=sqrt(2*q*(Vbi-k_j*T/q)*Nd/epsilon_0/epsilon_r); 
imageForce=sqrt(q*Emax/4/pi/epsilon_0/epsilon_r) 

  
%----VISUALS--------- 
hold on; 
plot(linearVolt,fit_CV,'--c','linewidth',2); 
legend('data','linear fit'); 

  

  




