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ABSTRACT OF THE DISSERTATION 

 

Integration of Indium Phosphide Based Devices with Flexible Substrates 

 

by 

 

Wayne Huai Chen 

Doctor of Philosophy in Electrical Engineering (Applied Physics) 

University of California, San Diego, 2011 

Professor Silvanus S. Lau, Chair 

 

 Flexible substrates have many advantages in applications where bendability, 

space, or weight play important roles or where rigid circuits are undesirable.  

However, conventional flexible thin film transistors are typically characterized as 

having low carrier mobility as compared to devices used in the electronics industry.  

This is in part due to the limited temperature tolerance of plastic flexible substrates, 

which commonly reduces the highest processing temperature to below 200C.  

Common approaches of implementation include low temperature deposition of 



 xxv 

organic, amorphous, or polycrystalline semiconductors, all of which result in carrier 

mobility well below 100 cm
2
V

-1
s

-1
. 

 High quality, single crystalline III-V semiconductors such as indium phosphide 

(InP), on the other hand, have carrier mobility well over 1000 cm
2
V

-1
s

-1 
at room 

temperature, depending on carrier concentration.  Recently, the ion-cut process has 

been used in conjunction with wafer bonding to integrate thin layers of III-V material 

onto silicon for optoelectronic applications.  This approach has the advantage of high 

scalability, reusability of the initial III-V substrate, and the ability to tailor the location 

(depth) of the layer splitting.  However, the transferred substrate usually suffers from 

hydrogen implantation damage. 

 This dissertation demonstrates a new approach to enable integration of InP 

with various substrates, called the double-flip transfer process.  The process combines 

ion-cutting with adhesive bonding.  The problem of hydrogen implantation was 

overcome by patterned ion-cut transfer. In this type of transfer, areas of interest are 

shielded from implantation but still transferred by surrounding implanted regions.  We 

found that patterned ion-cut transfer is strongly dependent upon crystal orientation and 

that using cleavage-plane oriented donors can be beneficial in transferring large areas 

of high quality semiconductor material.  

 InP-based devices were fabricated to demonstrate the transfer process and test 

functionality following transfer.  Passive devices (photodetectors) as well as active 

transistors were transferred and fabricated on various substrates.  The transferred 



 xxvi 

device layers were either implanted through with a blanket implant or protected with 

an ion-mask during implantation.  Results demonstrate the viability of the double-flip 

ion-cut process in achieving very high electron mobility (~2800 cm
2
V

-1
s

-1
) transistors 

on plastic flexible substrates. 
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Chapter 1 

Introduction 

1.1 Conventional flexible electronics  

Flexible substrates offer advantages of light weight, toughness, and flexibility. 

Flexible electronics have a wide range of applications including foldable electronics, 

sensors, displays, medical devices, solar cells, deployable spacecraft structures, and 

even smart clothing [1-4].  Recently, flexible OLED’s (organic light emitting diodes) 

have become popular in mobile devices as a way to lower weight while maintaining 

higher efficiency and faster response times without a requirement for backlighting 

inherent in LED’s [5].  Despite these advantages, transistor fabrication on plastic 

substrates remains a challenge due to processing difficulties related to the limited 

temperature tolerance of plastic substrates.  Conventional processes focus on 

modified, low temperature versions of conventional deposition processes, which result 

in amorphous and/or polycrystalline silicon on polymeric substrates [6].  Without the 

use of higher temperature annealing processes, however, the carrier mobility of the 

deposited layers is generally very low (~10 cm
2
V

-1
s

-1
) and often unacceptable for 

high-speed electronic applications [7].  Pulsed laser approaches, where laser annealing 

partially crystallizes the surface region of deposited layers, have achieved some 

success; however, the mobility of the layers remains limited due to the lack of a single 

crystalline layer (~50 cm
2
V

-1
s

-1
) [8].  Organic semiconductors provide naturally 

integrated and low-cost solutions, but even highly ordered organic materials have 



   

 

2 

mobility in the range of 1-2 cm
2
V

-1
s

-1
and 10-20 cm

2
V

-1
s

-1
for n and p-type devices, 

respectively [9].  

Recent contemporary work involving transfer of thin ribbons of silicon from 

bulk wafers is much more promising for high-speed applications, with electron 

mobility as high as 360 cm
2
V

-1
s

-1
 [10].  These silicon-based devices are enabled 

through a double-flip technology involving the use of silicon-on-insulator substrates as 

well as selective etching.  As the need for higher speed electronic integration with 

flexible substrates increases, the use of layer transfer from bulk wafers appears to be a 

viable option.  III-V semiconductors offer even higher electron mobility; the material 

which is used for layer transfer in our experiments, indium phosphide (InP), exhibits 

electron carrier mobility varying from 1000 cm
2
V

-1
s

-1 
to well over 5000 cm

2
V

-1
s

-1
, 

depending on carrier concentration [11].   

1.2 Paste-and-Cut Approach to Layer Transfer 

A common approach for layer transfer of thin films is based on a “paste-and-

cut” method [12].  The approach generally consists of: first, defining a location for 

cutting; next, bonding of the donor substrate to an acceptor substrate; and finally, 

separating a thin layer of the donor at the specified cutting location.  The result is a 

thin layer pasted to a new substrate.  For a device-up approach, either the device must 

be designed with the single-flip transfer in mind (paste-and-cut), or a double-flip is 

necessary (the transfer would be based on a “paste-cut-paste” approach). 

 



   

 

3 

1.2.1. Semiconductor wafer bonding (Paste) 

Semiconductor wafer bonding is the central technology for enabling layer 

transfer in our work.  There is a wide variety of wafer bonding techniques, including 

direct bonding, anodic bonding, metal bonding, and adhesive bonding [13].  

Direct bonding initially relies on Van der Waals forces between two 

sufficiently smooth and clean surfaces.  The bonding process is sensitive to surface 

flatness and cleanliness [14].  High bond strengths are typically achieved through high 

temperature annealing, and the bonds become covalent in nature and are more 

permanent.  Direct bonding is used to fabricate SOI (silicon-on-insulator) technology.  

Anodic bonding is typically between a semiconductor material and an alkaline-

ion containing glass.  Upon heating, a large voltage (200-1500 V) is applied, creating a 

large electric field which pulls the wafer surfaces together into close contact.  Because 

of this assistance from electrostatic forces, anodic bonding has a less stringent 

requirement for surface smoothness; however, typically an alkaline-ion containing 

glass must be used as one of the substrates of the bonded pair [12]. 

In metal bonding, layers of metal or alloys are first deposited onto the wafers. 

The wafer surfaces are then brought together and heated.  There are variations of metal 

bonding, depending on the type of metal used.  For solder bonding, the temperature is 

raised to the melting temperature of the solder, which reflows and fills any gaps 

present at the bonding interface [15].  In eutectic bonding, dissimilar metals whose 

alloy melts at a lower temperature than either of the original metals are bonded 
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together, with the reflow occurring in a very thin layer at the bonded interface [16].  In 

metal bonding, the reflow process can tolerate, to some extent, particles and small 

structures at the surface.  

In adhesive bonding, an intermediate layer of adhesive, commonly a polymer 

resin, is used to create the bond as well as hold the structure together [13].  The main 

advantages of adhesive bonding are low bonding temperatures and less sensitivity to 

surface topology.  In addition, polymeric bonding is in general low cost and 

compatible with a wide range of surfaces without the need for complicated surface 

preparation [12].  The drawbacks of adhesive bonding include limited temperature 

stability, volume shrinkage during curing, and outgassing during higher temperature 

annealing.  

The choice of bonding technique varies depending on application.  For 

multiple transfer processes, adhesive bonding is a good candidate because the first 

bond requires a high bonding strength to enable the subsequent layer splitting, but the 

bond has to be removable (temporary) for further transfer.        

1.2.2 Ion-cutting of InP (Cut) 

  The ion-cut layer transfer process uses hydrogen implantation and wafer 

bonding to enable layer transfer [17].  The approach is effective in transferring thin 

surface layers from a bulk substrate onto another host substrate.  In the silicon 

industry, the ion-cut process is trademarked as Smart Cut and is used by the Soitec 

Corporation to fabricate SOI.  Figure 1.1 shows the ion-cut process for transferring 
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InP onto SiO2 on Silicon.  In the first step, hydrogen ions are implanted into InP and 

then bonded to the SiO2/Si handle wafer.  The bond is strengthened through annealing 

before being brought to the exfoliation temperature, which is dependent on dose 

conditions.  Upon exfoliation, the InP is cut at the depth of implant, resulting in a thin 

film transferred onto a new substrate.  The donor InP can be recycled, thus lowering 

cost.  

 

Figure 1.1: Schematic of ion-cut approach for InP layer transfer 

Surface blistering is a convenient method to examine the efficiency of hydrogen 

implantation.  A sample that has been implanted with the necessary conditions for 

exfoliation exhibits surface blistering upon annealing if not bonded to a stiffener, as 

shown in Figures 1.2 and 1.3: 
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Figure 1.2: Hydrogen gas evolution without stiffener [18] 

 

Figure 1.3: Surface blistering of InP under Nomarski contrast  

If an implanted sample is bonded to an acceptor wafer, the hydrogen propagates 

parallel to the surface instead of blistering, eventually connecting to each other and 

leading to layer exfoliation, as illustrated in Figure 1.4. 



   

 

7 

 

Figure 1.4: Hydrogen gas evolution with stiffener (bonded to handle wafer) [18] 

The implant conditions for hydrogen vary greatly depending on semiconductor 

[19].  Three key parameters determine the characteristics of the transferred layer: 

energy, dose, and temperature.  Implant energy determines the projected range, which 

determines the thickness of the transferred layer. The dose is a critical factor: a 

minimum dose is necessary to induce platelet formation; however, too high of a dose 

and the sample blisters immediately after implantation before further processing [18]. 

A sufficiently low implantation temperature is necessary as well: too high of a 

temperature leads to dynamic annealing effects which reduce the efficiency of 

trapping defects [20].  

Figure 1.4 shows how a handle wafer acts as a stiffener to complete ion-cut 

transfer and prevent surface blistering.  When coupling the ion-cut method with 

various bonding techniques, it is important to remember that the bonded interface must 

act as sufficient stiffener otherwise the transfer will not occur in a continuous film.      
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1.3 Scope of the dissertation 

The scope of this dissertation is as follows: 

Chapter 2 introduces a double-flip transfer process for transferring single-

crystal InP onto glass substrates in its original orientation, with the top-side facing up.  

The process utilized the ion-cut process in conjunction with adhesive wafer bonding to 

twice-transfer a thin layer of InP.  The surface and structure of the transferred layers 

were characterized with AFM and SEM, which showed a smooth surface over large 

areas.  The electrical characteristics were determined by Hall effect measurement and 

hydrogen implantation induced damage was found to dominate even upon annealing to 

the highest temperature tolerance of the adhesive bond. 

Chapter 3 extends the double-flip transfer process to flexible substrates by 

introducing laser ablation as a method to separate the initial bond.  An additional 

transfer step was inserted in between the original double-transfer to enable thermal 

annealing and electrical recovery.  The films were characterized by Hall effect 

measurement and results mirrored those discussed in Chapter 2.  

Chapter 4 discusses the use of the double-flip transfer process to transfer 

simple InP photoconductor devices onto various substrates.  Contacts were formed on 

semi-insulating InP substrates to create photosensitive devices.  The device layers 

were then implanted and transferred onto glass and flexible substrates.  Bulk and 

transferred devices were characterized by dark and light current voltage (I-V) 

measurements and exhibited both higher photocurrent and dark current when 
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compared to bulk devices, depending on annealing conditions.  Additionally, transient 

device response to a laser excitation was also measured and discussed.  

Chapter 5 presents the concept of patterned-transfer of InP, where portions of 

the device layer were shielded from implantation but still transferred along with 

implanted zones.  Patterned-transfer on (100) oriented InP was found to result in 

hillock morphology, characterized by large protruding pyramidal structures.  An ion-

cut and selective etch-back scheme was introduced to remove the unwanted 

protrusions, resulting in flat surfaces suitable for further bonding or device fabrication. 

Chapter 6 extends the patterned-transfer of InP to (110) oriented substrates, 

allowing for transfer of much larger and smoother regions as compared to (100) and 

demonstrating the critical role of preferred cleavage planes in promoting transfer. 

AFM data showed stark differences in surface roughness between implanted and 

nonimplanted regions.  Hall measurements on the transferred protected regions were 

performed and results were shown to be bulk-like, demonstrating very high quality 

layer transfer of InP even while using ion-implantation. 

Chapter 7 compares three different transfer methods in integrating InP-based 

modulation doped field effect transistors (MODFETs) with sapphire: substrate 

removal through mechanical polishing and chemical etching, blanket ion-cut transfer, 

and patterned ion-cut transfer.  Epitaxially-grown InP-based MODFET layers were 

first transferred onto sapphire substrate, followed by low temperature fabrication of 

the device structure. The devices, which were shown to be functional high electron 
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mobility transistors (HEMTs), were compared by transfer methods, with field-effect 

mobility (drift mobility) used as figure of merit for the devices.  

Chapter 8 uses a modified version of the double-flip transfer process to transfer 

InP-based MODFETs onto flexible plastic substrates.  These transistors exhibited 

extremely high electron mobility, setting a new benchmark for high-speed devices on 

flexible substrates.  The process had a number of non-optimal conditions which were 

discussed, and practical improvements were also recommended. 

Chapter 9 introduces stress-induced layer transfer of silicon wafers onto 

flexible substrates.  In this process, ultrathin layers of silicon were transferred onto 

sapphire using SU-8 induced stress, without any ion-implantation.  The factors 

influencing such a stress-induced transfer were discussed.  The silicon was then 

transferred onto flexible substrate using the double-flip process; demonstrating an 

inexpensive method of transferring large-area, bulk-like silicon onto flexible 

substrates. 

Chapter 10 summarizes the successes and limitations of the dissertation and 

offers several research paths for future endeavors. 
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Chapter 2 

Double-flip Transfer of InP via Adhesive Wafer Bonding and Ion-cutting Process 

Double-flip (or twice-transferred) layer transfer enables heterogeneous 

integration of prefabricated devices such as InP heterostructure varactor onto glass or 

thin film solar cells onto Al2O3 substrates, all the while permitting a parallel scheme of 

well developed fabrication processes to be used [1-2].  Also, twice-transferred layers 

by adhesive bonding can be used in a number of applications where wafer alignment 

or backside processing is necessary [2].  Current double-flip processes do not take 

advantage of the ion-cut method utilized in SOI fabrication, instead sacrificing the 

donor wafer through back-side etching.  In ion-cut, or Smart-cut®, the silicon or other 

donor wafer is implanted with hydrogen and wafer bonded to an insulating acceptor 

substrate [3].  Annealing at higher temperatures (typically ~200-400°C) causes the 

damage from the implantation to nucleate into gas bubbles and cause layer exfoliation, 

producing SOI while separating the donor.  It has been shown that a thin layer of InP 

can be transferred to another substrate in a manner similar to the ion-cut method for 

producing SOI [4].  A key advantage in this process is that the separated donor wafer 

can be repeatedly recycled, which is of particular interest to InP wafers due to its high 

cost.  Direct wafer bonding without any intermediate layers requires extremely clean 

and smooth wafer surfaces, with surface roughness root-mean-square (RMS) values 

typically less than 0.5 nm [5].  The exfoliated surfaces induced by ion-cutting, 

however, have surface roughness RMS on the order of nanometers; to bond these 

surfaces in a double-flip transfer, either a Chemical Mechanical Polishing (CMP) step 
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or an adhesive agent is necessary [6].  Therefore, in this study we used both ion-

cutting and adhesive wafer bonding to lower costs and enable a novel class of devices.  

2.1 Double-flip transfer process 

Figure 2.1 schematically shows a sketch of the double-transfer process.  

 

Figure 2.1: Schematic drawing of the layer transfer approach: (a) introduce H 

trapping sites at a well-defined depth into an InP wafer; (b) bond the sample to a glass 

handle wafer using SU-8; (c) anneal the bonded pair to induce layer splitting and the 

first transfer; (d) bond the resulting sample to a glass receptor (or other final substrate) 

using BCB; (e) anneal the bonded pair to debond the SU-8; (f) remove the SU-8 to get 

to the original InP surface. See next section for details. 
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2.1.1 First Transfer onto glass  

 As shown in Figure 2.1(a), hydrogen ions are implanted into n-type, Sulfur-

doped  <100> InP wafers (ρ ~ .002 Ω-cm) with energy of 80 keV, dose of 6×10
16

 cm
-2

 

at room temperature, 7 angle of incidence, and beam current of 1.5 μAcm
-2

.  With 

these conditions, we found that the exfoliation temperature was around 200C.  The 

ion range at 80 keV for hydrogen is slightly over 600 nm, according to SRIM 

calculation [7]. 

 Corning Eagle 2000 glass substrates, 2-inch x 2-inch in area, with thermal 

expansion coefficient (TEC) matched to silicon (2.6 × 10
-6

 K
-1

) are used as the 

temporary acceptor for the first transfer.  Glass is useful as a temporary handle 

because the transparency allows for visual inspection of the bond quality.  Wafer 

cleaning of both the glass and the InP donors included a solvent cleaning cycle 

consisting of trichloroethylene (TCE), acetone, and isopropanol in ultrasonic bath.  

The glass was further cleaned with ESPI’s Decontam® glass cleaning solution for 30 

minutes and then rinsed under running de-ionized (DI) water for 1 hour to fully 

remove the solution.  A negative photoresist, Microchem’s SU-8 (Formulation 5), was 

spun onto the glass (~3.5 µm) and the implanted InP is bonded to the glass substrate at 

150°C, as shown in Figure 2.1(b).  After near-UV (350 nm) exposure for about 1 

minute to crosslink the SU-8 polymer, the sample was subsequently annealed at 

100°C, 125°C and 150°C for 30 minute durations to strengthen the SU-8 bond and to 

assist nucleation before being brought to exfoliation temperature of ~200°C for 10 
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minutes.  The pair can then be separated by thermal or mechanical exfoliation, as 

shown in Figure 2.1(c). 

2.1.2 Choice of SU-8 for adhesive bonding 

 An appropriate adhesive for the first-transfer exhibits the following criteria: 1) 

the adhesive must have good reflow properties to ensure a continuous bond throughout 

the bonding interface; 2) the adhesive must act as a stiffener up to and preferably 

beyond the exfoliation temperature of the semiconductor; 3) there must be a way to 

weaken and delaminate the adhesive as it is a temporary bond, and finally, 4) the 

adhesive must be removed without affecting the semiconductor.  Of the various 

polymer adhesives surveyed, we found the negative resist SU-8 to be most suitable. 

SU-8 reflows until UV crosslinking, and SU-8 bond strengths as high as 6 Jm
-2

 have 

been reported for silicon bonded to fused silica using the crack opening method, 

although this number drops to ~2 Jm
-2

 at 200 ºC [8].  SU-8 can be difficult to 

delaminate as compared to other photoresists, but annealing at temperatures higher 

than 250C weakens the bonding strength significantly.  SU-8 can be difficult to 

remove, but an oxygen-based plasma etch is effective, as detailed later. 

2.1.3 Second Transfer onto glass 

 The InP/SU-8/glass structure after Figure 2.1(c) is upside down and requires a 

second flip to complete the double-flip transfer process.  The structure is again cleaned 

with organic solutions and coated with Dow Chemical Adhesion Promoter 3000 to 

improve adhesion of Benzocyclobutene to the InP backside. Dow Chemical 
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Benzocyclobutene (BCB) 3022-46 was spun onto the surface and pre-annealed to 

evaporate solvents before bonding to the final receptor (see Figure 2.1(d)).  Eagle 

2000 Glass was again used as the receptor; various oxides and nitrides on silicon were 

also used with good results.  The combined structure was then annealed from 150°C to 

250°C in 30 minute intervals.  As the temperature increased, BCB hardened while the 

SU-8 polymer broke down into a soft, rubbery state (with bond strength near zero), 

allowing the first bonded pair to be broken easily by mechanical cut (Figure 2.1(e)). 

CF4/Oxygen plasma and a dilute HF clean were used to etch away SU-8 residue 

(Figure 2.1(f)) [9].  

2.1.4 Choice of BCB for adhesive bonding 

 An appropriate adhesive for the second-transfer exhibits the following criteria: 

1) the adhesive must have good reflow properties to ensure a continuous bond 

throughout the bonding interface; 2) the adhesive must remain intact and have higher 

bond strength than the first adhesive during mechanical exfoliation; 3) the adhesive 

must survive the removal of the first adhesive, and 4) the adhesive must survive higher 

temperature annealing (only if a post annealing step is required).  Unfortunately, no 

adhesive was found that met these requirements. The most suitable adhesive was 

BCB, which remains intact during mechanical exfoliation and as a higher temperature 

tolerance than any other photoresist (~350C) [10].  Processing issues with BCB 

include poor reflow and interaction with oxygen in the air to form voids.  Both issues 

can be mitigated but remain an issue in lowering yield. 
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2.2 Atomic Force Microscopy of transferred surfaces 

 The transferred surfaces were examined by atomic force microscope (AFM) 

over a 5µm by 5µm areas. Figure 2.2 shows AFM images of single-transfer InP layers.  

 

Figure 2.2: AFM images of single-transferred InP on SU-8 on glass from different 

angles 

The original surface roughness RMS of InP is ~0.17 nm.  The surface 

roughness RMS of single-transferred InP is typically ~10 nm.  This high roughness is 

consistent with previously reported values for exfoliated InP surfaces and is generally 

attributed to the implantation straggle [11].   

Figure 2.3 shows the AFM of the final structure after double-flip transfer. 
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Figure 2.3: AFM images of double-transferred InP on SU-8 on glass from different 

angles 

The InP surface roughness RMS of the double-transferred InP is ~0.3 nm, 

which is close to that of the original InP surface.  This shows that the final surface is 

that of the original and that any device that had been fabricated would now be face-up.  

The slightly increased roughness is likely due to the oxygen-plasma treatment used in 

removing the SU-8.  

2.3 Cross Sectional Scanning Electron Micrographs of transferred structures 

Figure 2.4 and Figure 2.5 show scanning electron microscope (SEM) 

cross-sectional images of both first and second transfer layers on Eagle 2000 glass.  
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Figure 2.4: Cross-sectional SEM micrograph after first transfer 

 

Figure 2.5: Cross-sectional SEM micrograph after second transfer 
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The transferred layers are intact on their respective adhesives (~3.5 μm for SU-

8, ~2.5 μm for BCB).  The inset in Figure 2.4 shows the characteristic surface 

morphology and roughness.  This is consistent with the AFM RMS roughness results of 

~10 nm mentioned above.  The coarse surface features shown in Figure 2.5 are 

attributed to surface debris and is not an intrinsic characteristic of the surface.  These 

features are likely residual SU-8 and the RMS ~0.3 nm reported above were taken in 

areas where there was no residual SU-8.  The residual surface roughness can be 

removed by further oxygen plasma treatment and HF dips.  The thicknesses of both 

layers are between 680-720 nm, which is consistent with profilometer and Filmetrix 

film thickness measurements, and slightly larger than the simulated SRIM2006 

damage peak for 80 keV of about 640 nm [7].  The SRIM simulations show damage 

peaks closer to the surface by a little more than 100 nm; thus the splitting of the InP 

layer is much closer to the hydrogen peak rather than the damage peak.  The specific 

reason for the placement of the fracture is not presently known; however, this could be 

similar to the case of silicon, where the damage from a high implantation dose 

increases the fracture toughness of an implanted region, with the highest toughness 

located in the center of the damage zone, RD [12].  In other words, the region turns 

amorphous and becomes more ductile and thus resistant to brittle fracture.  Since this 

region near the implant range, RD, can be more difficult to fracture, the splitting may 

occur deeper into the substrate.  

2.4 Hall effect measurement and annealing trend of implanted/transferred 

samples 
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Table 2.1 summarizes the results obtained from Hall measurements on the 

samples after first and second layer transfer.  

Table 2.1: Hall Effect Measurements of transferred InP on glass 

Transferred Structure ρ (Ω-

cm) 

Conc. (n-type, 

cm
-3

) 

Sheet Charge 

(cm
-2

) 

μ (cm
2
V

-

1
s

-1
) 

InP (Sulfur doped, 350µm thick) 0.002 1.7 × 10
18 

5.8 × 10
16

 1600 

InP(7200Å)/SU8(2.6μm)/Glass  

(Single Transfer) 

10 1.1 × 10
16

 7.8 × 10
11

 58 

InP(7200Å)/BCB(3.6μm)/Glass  

(Double Transferred)
a
 

131 8.2 × 10
14

 5.9 × 10
10

 58 

InP(7200Å)/BCB(3.6μm)/Glass  

(Double Transferred)
b
 

237 3.4 × 10
14

 2.4 × 10
10

 73 

InP(7200Å)/BCB(3.6μm)/Glass  

(Double Transferred)
c
 

347 1.1 × 10
14

 7.7 × 10
9
 159 

InP(8100Å)/SiO2(680Å)/Si Sub
d
 0.01 7.51 × 10

17
 6.1 × 10

13
 780 

     

a
As-transferred Double-flipped InP samples see 250°C anneal for 60m to harden BCB. 

b
This sample was annealed at 350°C for 60s. 

c
This sample was annealed at 450°C for 60s. 

d
This sample directly bonded to SiO2 and annealed at 600°C for 60 m for comparison. 
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The resistivity, carrier concentration and mobility of n-type InP before hydrogen 

implantation were ~0.002 Ω-cm, 1.7 × 10
18 

cm
-3

 and ~1600 cm
2
V

-1
s

-1
, respectively. 

The degradation of electrical characteristics in the transferred layers is due to the 

damage from chemical and physical interactions of hydrogen in InP.  Implant isolation 

of n-InP regions has been studied in recent years and their high resistivity has been 

found to be caused by the deep-level trapping of carriers related to antisite (InP and 

PIn) and other defects [13].  The differing masses of indium and phosphorus lead to an 

asymmetric concentration of vacancies for each element during implantation, which 

results in more disorder and damage as compared to the case of silicon [14].  In the 

case of n-type material, the antisite defect, InP, acts as a deep acceptor in trapping 

electrons, while PIn may act as self-ionizing donor [15].  In addition, SRIM damage 

calculations show that the damage is not just strongly localized at the damage peak, 

but instead decreases slowly away from the damage peak.  Because the implanted 

layer is relatively thin, there is substantial damage throughout the entire transferred 

layer.  For 80 keV hydrogen implantation into InP, the theoretical critical dose 

threshold for amorphization of the entire implanted layer, calculated on the basis of 

theoretical models, is calculated to be ~ 2.2 × 10
17 

cm
-2

 [16].  However, it has been 

observed for 100 keV hydrogen implantation into InP that a thin (~30 nm), buried 

amorphous layer forms near the ion implant depth at doses as low as 1 × 10
16 

cm
-2

, and 

at 5 × 10
16 

cm
-2

, this layer is approximately 0.2 µm [16]. It is reasonable to assume 

then that for the present case the implant-induced damage is high enough to produce a 

buried amorphous layer. 
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The first-transfer InP layers show resistivity less than 20 Ω-cm, which is 

consistent with sheet resistances in the range of several times 10
6  

Ω/☐. The H
+
 dose 

of 6 × 10
16

 cm
-2

 is several hundred times that of the threshold dose required for 

electrical isolation, and the high defect density allows for damage-related conduction 

mechanisms to take place [17]. The defect density is high enough to allow hopping-

based conduction between defect sites with a low carrier mobility [18].  Double-flip 

transfer using BCB caused the resistivity to increase from ~100 -cm to ~200 -cm 

since the samples were annealed to over 250°C for the hard cure of the BCB and 

softening of the SU-8 bond.  Rapid thermal annealing (RTA) at 350°C and 450°C 

caused the resistivity to increase even higher as the defect sites move further apart 

while restoring some of the initial carrier mobility (lower defect density).  This 

increase in resistivity is consistent with the resistivity evolution with temperature 

reported in literature, where resistivity increases until reaching a maximum, after 

which it falls to close to original values [18,19]. 

Further annealing to temperatures above 550°C should lead to reductions in the 

defect density and restoration of the initial layer electrical properties as defects are 

annealed out and crystal structure is restored.  Unfortunately, such high temperatures 

are above the thermal limit of BCB.  To demonstrate the further recovery of the 

electrical properties, an InP layer from the same set of implanted samples was 

transferred without adhesive to a flat silicon-oxide handle and annealed to 600°C.  The 

electrical properties of this transferred sample are superior to those annealed only to 

450°C, with roughly 3 orders of magnitude improvement in electron concentration to 
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10
17 

cm
-3

, and a three to sixfold improvement in electron mobility, depending on the 

quality of the transferred layer.  These samples are still far from full electrical 

recovery.  Studies on implantation in III-V semiconductors show that while annealing 

can recrystallize the amorphous layer, there remains a high density of disorder within 

part of the layer even after very long anneal times and temperatures as high as 600°C 

[20]. 

In summary, we have demonstrated a double layer transfer of InP via H-

induced ion-cutting and adhesive wafer bonding.  The process utilizes the low 

exfoliation temperature in hydrogen-implanted InP to readily separate a thin layer onto 

a temporary receptor substrate.  The second transfer uses BCB as a bonding agent, 

allowing for the bonding of the rough exfoliated surface, and takes advantage of the 

relatively lower softening point of SU-8 (≥ 200C) to delaminate the transferred layer 

from the original receptor. The result is a relatively simple and inexpensive method to 

accomplish double transfer without etch-back processing.  There are thermal 

processing limitations which impact the ability to anneal out completely the ion 

implant damage.  Changes to and optimization of the implantation dose and range can 

mitigate some of these present issues and are presented in later chapters.  

Chapter 2, in part, is a reprint of material as it appears in the Applied Physics 

Letters 2007.  Chen, Wayne; Chen, Peng; Jing, Yi; Lau, S.S.; Kuech, T.F.; Liu, Jiarui; 

Wang, Xuemei; Chu, Wei-Kan. The dissertation author was the primary investigator 

and author of this paper. 
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Chapter 3 

Integration of thin layers of single-crystalline InP with flexible substrates 

As discussed in Chapter 1, the integration of semiconductors onto flexible 

substrates opens up a wide range of applications where low weight, toughness, and 

flexibility are important.  Currently there exist a variety of flexible substrates available 

for integration.  Table 3.1 below gives a list of common flexible substrates as well as 

their maximum processing temperatures and important characteristics.  

Table 3.1: Common flexible substrate materials and key characteristics. (Courtesy of 

Arizona State University) 

 

Polyester (PET) and polyethylene napthalate (PEN) are commonly used due to their 

advantages as outlined in Table 3.1.  The main drawback of PET and PEN (as well as 

most flexible materials other than steel) is their low temperature tolerance.  Our 
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flexible substrate of choice is PEN, which after chemical treatment can sustain 

temperatures up to ~180C.   

Hydrophilic wafer bonding requires particle-free and extremely flat surface.  A 

general rule of thumb is that the sum of the two bonding surface must have flatness <1 

nm (in RMS values) [1].  As shown in Chapter 2, adhesives such as Microchem‟s SU-8 

Formulation 5 can be used to enable bonding and act as a stiffener for ion-cut transfer.  

3.1 Single-transfer of InP onto flex 

 Figure 3.1 presents optical and SEM micrograph of a single transfer of InP 

onto flexible polyethylene naphthalate (PEN) substrate.  The SU-8 bonding was done 

at 150ºC and the exfoliation occurred at ~180ºC in air.  While this process 

demonstrates nearly complete layer transfer onto a flexible substrate, the transferred 

substrate is now upside down from its original orientation.  If devices had been 

fabricated on the surface of the donor, those devices would now be at the interface 

between the semiconductor and flexible substrate and difficult to access.  Furthermore, 

the temperature limitations of PEN and SU-8 (<200ºC) and the residual hydrogen-

induced damage in the InP render relatively poor electrical properties (resistivity ~75 

Ω-cm, mobility ~30 cm
2
V

-1
s

-1
) and sets challenging restrictions for further processing.  
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Figure 3.1: (a) optical photograph of 1 cm
2
 InP transferred onto PEN with SU-8.  

(b) SEM cross-sectional view of the transferred film at 20000X.  

 

3.2 Double-transfer of InP onto flex 

The double-flip transfer of InP can be applied to flexible substrates to mitigate 

some of these issues.  Figure 3.2 schematically shows a modified sketch of the double-

flip transfer process applied to flexible substrates.  In Figure 3.2 (a), H
+
 ions were 

implanted into n-type (mobility ~1800 cm
2
V

-1
s

-1
and resistivity ~ 0.001 Ω-cm), sulfur 

doped, <100> InP wafers at 160 keV with dose between 9×10
16

 cm
-2

 and 1×10
17

 cm
-2

.  

The implantation temperature was held at -15ºC and the beam current set to ~1.5 

µAcm
-2

.  Single-side polished sapphire substrate was used as the handle for the first 

transfer; the unpolished backside was used as the bonding interface to allow for UV-

transparency through the polished front-side in a later step.  Following an organic 

clean of trichloroethylene, acetone, and isopropanol, the samples are bonded together 

at 150ºC using SU-8 [Fig. 3.2 (b)].  After a near-UV (350 nm) exposure to cross-link 

the SU-8 photoresist, the bonded pair was sequentially annealed at 100, 125, and 
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150ºC for 30 min to strengthen bonding.  Exfoliation [see Fig. 3.2(c)] occurred at 

~180ºC after 10 min in air and typically close to 100% of the donor area (1 cm × 1 

cm) was transferred). 

 

Figure 3.2: Schematic drawing of the double layer transfer approach: (a) introduction 

of H trapping sites at a well-defined depth into the InP wafer; (b) SU-8 is used to bond 

to a Al2O3 substrate using SU-8; (c) the bonded pair is annealed to ~180ºC to induce 

layer splitting and the first transfer; (d) the pair is bonded to flexible substrate using 

SU-8; (e) laser ablation of SU-8 delaminates the first SU-8 bond, and (f) CF4/oxygen 

plasma removes residual SU-8. 
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For the second transfer, the InP/SU-8/sapphire structure was cleaned using organic 

solutions and bonded to PEN substrates utilizing a second SU-8 bonding layer at 

150ºC as shown in Fig 3.2(d).  An excimer laser was used to separate the initial SU-8 

bond and release the final bonded pair, as shown in Fig 3.2(e).  In our process, a 25 ns, 

248 nm Lambda Physik krypton-fluoride laser could delaminate the SU-8 bonding 

layer with a single shot at roughly 400 mJ over an area slightly larger than 1.2 cm
2
. 

After the final step, a plasma of oxygen and CF4 is used to etch away SU-8 residue.  

 The debonding of SU-8 typically requires high temperatures or chemical 

etchants such as „piranha‟ etch [2].  Such methods could severely degrade the flexible 

substrate and possibly damage device structures.  Pulsed excimer laser ablation has 

been shown to be useful in patterning SU-8 [3].  This method was recently used for the 

delamination of SU-8 in a double transfer: the bonding strength of SU-8 could be 

lowered significantly with a UV-pulse of appropriate fluence [4].  

Hydrogen implantation (and ion implantation in general) can severely degrade 

the electrical characteristic of InP, as discussed in Chapter 2.  After a double-transfer 

onto a flexible substrate, Hall measurements on the semiconductor film gave 

resistivity of ~50 Ω-cm and mobility ~55 cm
2
V

-1
s

-1
. These properties were similar to 

the single-transfer case with the exception that the sample is now right-side up [5]. To 

further improve electrical properties, anneals at temperatures exceeding the tolerance 

of the flexible substrate (~180ºC) as well as that of SU-8 resist (~200ºC) were 

necessary.  In order to accomplish this, it was beneficial to temporarily transfer the 

layers onto a handle wafer with a more thermally robust adhesive [see Fig. 3.3 (c) –
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(f)]. This additional transfer uses Benzocyclobutene (BCB) 3022-46 which has a 

temperature tolerance of ~380ºC for the adhesive bonding and Corning Eagle 2000 

glass as the handle substrate.  Following a thermal anneal at 250 and 350ºC for 30 

minutes, the remaining transfer steps in Figure 3.3 are applied, resulting in a 

transferred flexible semiconductor that has been safely annealed up to 350°C.  Further 

annealing to 450°C resulted in layers that could be subsequently characterized, but the 

physical damage done to the layer due to BCB degradation severely limited any 

additional double-transfer procedure. To mitigate such damage, a pressure of ~0.5 

MPa was applied onto the structure during annealing above 350°C [after Figure 

3.3(d)] up to ~400°C, based on an estimate from thermocouple measurements around 

the substrate area.  
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Figure 3.3: Schematic drawing of the modified double-flip (now quadruple-flip) layer 

transfer approach: (a) H
+
 implantation and bonding Al2O3 using SU-8; (b) the bonded 

pair is annealed to ~180ºC to induce layer splitting; (c) the pair is bonded to glass 

using BCB; (d) laser ablation of SU-8 delaminates the first SU-8 bond (e) bonding of 

the structure to Al2O3 with SU-8; (f) mechanical delamination of BCB; (g) bonding to 

flexible substrate with SU-8; (h) laser ablation of SU-8, completing the fourth transfer.   

Table 3.2 summarizes Hall measurements using the Van der Pauw Hall 

technique from these samples after various steps and forms of transfers.  Hall 

measurements performed at the second transfer show the annealing evolution of a 

transferred ion-cut InP layer.  The electrical resistivity of the transferred layers was 

observed to increase initially upon annealing to 250ºC, and then decreased as thermal 
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annealing proceeded (from 350ºC to 550ºC).  These changes in electrical behavior are 

similar to results reported in literature [6].  The observed behavior is rationalized as 

follows: hydrogen related defects trap conduction electrons.  The high density of ion-

induced defects, however, allowed carriers to hop from site to site, leading to low 

mobility conductivity.  Upon annealing to 250ºC and higher, the defect density began 

to decrease so that the average spacing between sites increased, resulting in a lower 

hopping probability and higher electrical resistivity.  Implanted hydrogen is reported 

to out diffuse at ~≤ 250ºC, deduced from Fourier transform infrared spectroscopy data 

[7].  In our laboratory we previously observed using Rutherford backscattering 

spectrometry that Neon ion-induced damage in InP (4.5×10
16

 Ne
+
cm

-2
, 45 keV at 

room temperature) was significantly reduced in comparison with that of as-implanted 

state (~60% in RBS channeling yield) after thermal annealing at 200ºC for 90 minutes 

(results not shown here) [8].  The electrical properties shown in Table 3.2 are in 

agreement with the reported results that defect annealing and hydrogen release start at 

~≤ 250ºC.  High dose implantation at sub-Gamo temperatures in III-V compounds 

prevents simple epitaxial regrowth of the implanted layers due to local stoichiometric 

variations in these compounds [9]. 
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Table 3.2: Hall Effect Measurements. Temperature, resistivity, sheet charge, and Hall 

mobility are reported. Annealing was done for 30 minutes. All samples n-type. 

Transferred Structure T (°C) ρ (Ω-cm) ns (cm
-2

) μ (cm
2
/V-s) 

InP (350µm thick, unimplanted)  .001
 

7.98 × 10
16

 1800 

One Transfer w/SU-8 onto flex     

InP(1.3 μm)/SU-8/PEN A.T.* 76 3.5 × 10
11

  34 

Second Transfer w/SU-8 onto flex     

InP(1.3 μm)/SU-8/PEN A.T.* 50 2.8 × 10
11

 55 

Second Transfer w/ BCB onto glass     

InP(1.3 μm)/BCB/Glass A.T.* 460 3 × 10
11

 58 

InP(1.3 μm)/BCB/Glass  250 540 2.5 × 10
10

 60 

InP(1.3 μm)/BCB/Glass 350 168 3.3 × 10
10

 118 

InP(1.3 μm)/BCB/Glass  450 .18 2.4 × 10
13

 180 

Fourth Transfer w/ SU-8 onto flex     

InP(1.3 μm)/SU-8/PEN A.T.* 343 1.4 × 10
11

 17 

InP(1.3 μm)/SU-8/PEN 250 434 1.7 × 10
11

 57 

InP(1.3 μm)/SU-8/PEN 350 243 1.8 × 10
10

 172 

InP(1.3 μm)/SU-8/PEN 400** 122 1.6 × 10
10

 128 

Hydrophilically Bonded
11

***     

InP (350µm thick, unimplanted)  .002 6 × 10
16

 1600 

InP(1.4 μm)/SiO2/Si A.T.* 7 1.9 × 10
12

 62 

InP(1.4 μm)/SiO2/Si 350 430 2.9 × 10
10

 71 

InP(1.4 μm)/SiO2/Si  450 201 2.7× 10
10

 160 

InP(1.4 μm)/SiO2/Si 550 .05 1.9 × 10
13

 890 

*A.T. denotes As-Transferred. 

**estimated annealing temperature of 400ºC with heavy weight  

***Hydrophilically bonded samples without any adhesives for comparisons. 
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It should be noted that transferred layers annealed to 450ºC showed a dramatic 

decrease in resistivity and a corresponding increase in carrier concentration.  The 

temperature limitations of the adhesive (BCB) however prevent further annealing.  For 

comparison, we observed an improvement of an order of magnitude in carrier 

concentration in hydrophilically-bonded samples annealed to 550ºC (see bottom of 

Table 3.2).  

We observed that laser-assisted debonding [see Fig. 3.1(e)] appears to enhance 

the annealing affect on samples annealed after the SU-8 ablation.  The ablation of SU-

8 by laser is believed to be caused by photo-induced thermal decomposition [3].  The 

energy of the laser pulse was calculated to be 90% absorbed in the thin (~1 µm) SU-8 

layer and 10% in the Al2O3 layer.  Given the short duration of the pulse, the 

temperature rise in the SU-8 is substantial while the overlying layers remain at lower 

temperatures.  Using a 1-dimensional heat transfer model, we have calculated (for our 

laser beam conditions) that the maximum temperature of SU-8 is between 800 and 

1000ºC above ambient during ablation, which is well over observed SU-8 vaporization 

temperatures (400-600ºC) [4].  The coupled thermal transport and hydrogen diffusion 

was modeled using a 2-D finite element calculation, the results of which are shown in 

Figure 3.4.  
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Figure 3.4: (a) mesh structure and (b) temperature seen by InP as a function of time. 

These calculations indicate that due to the rapid heat transfer to the InP and underlying 

support, the maximum InP temperature rise was modest and dropped very rapidly, 

within 0.25 msec, to near room temperature.  This modest temperature rise and short 

duration should not lead to any appreciable hydrogen diffusion within the InP when 

considering the transport properties of heat and hydrogen to be that of bulk, 

unimplanted InP.  

There have been reports of enhanced diffusion of implant-induced defects and 

dopants (in this case hydrogen) in Si albeit on a longer time scale than our present 

anneal conditions.  In silicon and other semiconductors, ion-implantation has been 

observed to generate interstitials and vacancies through lattice displacement.  Excess 

interstitials and vacancies in clusters that do not immediately recombine can interact 
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with the implanted species and dissociate upon annealing.  It is widely reported in 

literature that transient enhanced diffusion arises from such interstitials [10].  Atomic-

level Monte Carlo simulations of the implantation-induced defects and defect structure 

and its local rearrangement have been carried out.  These calculations, while relying 

on Si specific estimates of the defect complex and cluster formation energy, show that 

these processes can occur on a very fast timescale.  For Si, the local interstitial 

concentration (excess interstitials minus net vacancies) shows a lifetime of 10 sec, 

with a sudden increase in interstitial recombination between 10
-3

 and 10
-2 

sec for 

anneals at 815ºC, a much higher temperature than experienced in our case [11].  While 

not studied in as much detail, similar and perhaps even more complex and facile defect 

interactions should occur in compound semiconductors such as InP.  The local defect 

rearrangement can interact with implanted hydrogen in the InP.  Certainly some 

hydrogen can diffuse to a free surface and be removed, however the time and 

temperature during the laser ablation would prohibit any large-scale removal of 

hydrogen.  The enhanced annealing trend observed in the transferred samples could be 

due to a much more complex set of interactions in which the short thermal anneal 

afforded during the laser ablation process allow for the local changes in the defect 

structure concomitant with local hydrogen diffusion and electronic passivation of the 

residual defects [7].  The resulting lower effective defect density leads to the observed 

faster recovery.  Additional recovery of the electrical conductivity requires higher 

annealing temperatures and longer times during which dissociation of hydrogen-defect 

occurs and the defect concentration is further reduced.     
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These transfer experiments were reproduced through four separate bonding 

experiments.  All of the InP-on-flex layers exhibited similar electrical characteristics 

when compared to substrates transferred onto glass.  This was to be expected since no 

additional anneals were done during the subsequent transfers from sapphire to flexible 

substrate (with the exception of possible further laser annealing, of which the effects 

are observed to be minimal).  As mentioned earlier, the decomposition of BCB limited 

annealing temperature; given the weighted anneal required to counter this effect, we 

estimate the highest temperature we have taken the samples during annealing was 

~400ºC.  This temperature was not high enough to obtain the low resistivity of the 

450ºC samples.  At ~400ºC, the layer, however, exhibited resistivity in the low 100 Ω-

cm, with mobility in excess of 100 cm
2
V

-1
s

-1
 (see Table 3.2).  A more thermally robust 

adhesive with limitations closer to 500ºC or higher would enable further recovery. 

In summary, we have demonstrated a new method of thin layer transfer onto 

flexible substrates.  The process utilizes ion-cutting and adhesive bonding to achieve 

near 100% transfer.  Damage related to hydrogen implantation required an additional 

transfer in order to do thermal anneals to improve electrical characteristics.  Current 

limitations to restore full conductivity are due to lack of adequate bonding adhesives at 

high temperatures; even with annealing limitations the flexible InP layers exhibit 

mobility several orders of magnitude higher when compared to conventional processes 

of poly-Si and organic semiconductors and may be suitable for fabrication of FET-

type devices where the constraints due to defect density could be reduced. 
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Chapter 3, in part, is a reprint of material as it appears in the Applied Physics 

Letters 2008.  Chen, Wayne; Chen, Peng; Pulsifer, John E.; Alford, T.L.; Kuech, T.F.; 

Lau, S.S. The dissertation author was the primary investigator and author of this paper. 
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Chapter 4 

Transfer of InP:Fe Photoconductor Devices onto glass and flexible substrates 

 The transfer of prefabricated semiconductor devices onto glass and flexible 

substrates by use of ion-cutting, adhesive bonding, and laser ablation was 

demonstrated. Simple photoconductive devices were fabricated on semi-insulating InP 

substrates, followed by implantation and layer transfer through the ion-cut process.  

To result in the original device configuration, the structure was flipped twice: the first 

transfer was done on a sapphire substrate, followed by laser ablation and second 

transfer to the final substrate.  The transferred devices were characterized by current 

voltage measurements in the light and in the dark.  Transient device response to a laser 

was also measured.  

4.1 Experimental Details 

 Semi-insulating iron-doped InP (InP:Fe) is useful in photodetector applications 

because of its high resistance (low leakage current) and high mobility (fast response) 

[1-2].  The device is simple in fabrication, requiring one lithographic and metal 

deposition step for the two contacts.  Figure 4.1 shows the contact pad, which is an 

interdigitated finger contact design to allow close proximity between the contacts.  In 

the absence of light excitation, InP:Fe has low carrier concentration and high 

resistivity due to the deep-level iron acceptors.  With light excitation, excess carriers 

are generated, reducing the resistance, which is measured by the two contacts. 
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Figure 4.1: Photodetector contact design 

Au(75 nm)/Ti(25 nm) metal contacts were deposited onto semi-insulating, Fe-

doped, <100> InP via sputtering, followed by 380ºC anneal for 1 min.  Subsequently, 

hydrogen (H
+
) ions were implanted into the substrate at 160 keV with a dose of 8.5 × 

10
16

 cm
-2

 and 7° tilt [Fig. 4.2(a)].  The implantation temperature was held at -15°C and 

the beam current set to ~1.5 µAcm
-2

.  These implant conditions were chosen such that 

thermal exfoliation of the device layer would occur between 150 and 200°C.  The 

devices were then bonded at 150°C to polished sapphire substrate using the polymer 

Microchem SU-8 (Formulation 5), as shown in Fig. 4.2(a).  After a near-UV (350 nm) 

exposure to cross-link the SU-8, the bonded pair was annealed overnight at 100°C to 

allow for nucleation of planar defects [3].  
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Figure 4.2: Process flow of photoconductor transfer onto glass and flexible substrates: 

(a) hydrogen implantation into device layer and bond with SU-8 to sapphire; (b) 

thermal exfoliation; (c) bond to glass with BCB; (d) delaminate SU-8 layer with UV 

laser. For additional transfer onto flexible substrate: (e) rebond structure to sapphire 

with SU-8; (f) mechanically delaminate the BCB layer; (g) bond to PEN with SU-8; 

(h) delaminate SU-8 layer with UV laser.   

Thermal exfoliation [Fig. 4.2(b)] occurred at 180°C after 10 min and typically resulted 

in the transfer of a large number of devices in a continuous layer (typically 0.5-1 cm
2
 

in size and ~1.3 µm in thickness).  This area was limited by the size of our initial 

donor substrate and the size of the transfer can be extended to entire wafers [4]. 
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The InP/SU-8/sapphire structure was bonded again to Corning Eagle 2000 

glass using Dow Chemical Benzocyclobutene (BCB) 3022-46 [Fig 4.2(c)].  A 25 ns, 

248 nm Lambda Physik krypton-fluoride laser at 400 mJ over an area slightly larger 

than 1.2 cm
2
 delaminated the SU-8 bond in a single shot [Fig 4.2(d)].  After the 

delamination step, a plasma of oxygen and CF4 was used to etch away SU-8 residue. 

The samples were then annealed up to 350°C.  At this point, the devices had been 

transferred onto glass and could be characterized.  

To transfer the films onto flexible PEN, an additional double-transfer process 

was used.  The InP/BCB/Glass was bonded cleaned and bonded to sapphire with SU-

8, as shown in Fig. 4.2 (e).  The structure was immersed in TCE, which we 

experimentally found weakens BCB bonding strength.  After immersion, the sample 

was dried and mechanical exfoliation was initiated with a razor blade [Fig. 4.2 (f)].  

The InP/SU-8/sapphire was bonded onto flexible PEN substrate [Fig. 4.2 (g)] and laser 

ablation was again used to delaminate the SU-8 at the sapphire/InP interface and 

complete the fourth transfer onto flexible substrate [Fig 4.2 (h)].  

4.2 Visual Characterization  

The transferred films were visually inspected with Nomarski contrast 

microscope at various points during the transfer process.  Figure 4.3 shows a 

Nomarski optical image taken at 200X of the backside of a device after exfoliation. 

The difference in height between the metal contact region and the rest of the 

transferred layer was ~190 nm, as determined by profilometer measurement.  
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Figure 4.3: Nomarski optical image of backside of device after exfoliation [Fig. 4.2 

(b)]  

The profilometry measurement is consistent with SRIM2006 ion range simulations 

which indicated a ~170 nm difference in ion range between InP with and without 

metal contacts [5].  While the AuTi contacts reduced some of the hydrogen dose due 

to the change in ion range attributed to the metallization layer, the ion-cut depth 

approximately followed the implanted hydrogen profile. 

 Figures 4.4 and 4.5 show Nomarski images of the after 2
nd

 transfer onto glass 

and 4
th

 transfer onto flex, respectively.  The films transferred onto glass after the first 

double-flip were typically continuous films, with high percentage of the original donor 

transferred.  This was due to the high-yield nature of SU-8 bonding and laser ablation. 

The films that were further transferred onto flex, however, were typically of a much 

lower yield.  This was due to the mechanical exfoliation of BCB [Fig. 4.2(f)], which 

was difficult to reproduce with any consistency.  However, portions that were 
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transferred were continuous and exhibited similar behavior to films transferred onto 

glass.  

 

Figure 4.4: Nomarski optical image of front side of InP/BCB/Glass after double-

transfer onto glass [Fig. 4.2 (d)] 
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Figure 4.5: Nomarski optical image of front side of InP/SU-8/FLEX after quadruple-

transfer onto flexible substrate [Fig. 4.2 (h)] 

4.3 I-V Characterization  

4.3.1 Dark Current 

 Figure 4.6 shows current-voltage (I-V) characteristics obtained in the dark 

using a parameter analyzer for both reference (bulk) and transferred InP 

photodetectors transferred onto glass.  It should be noted here that all device 

measurements were done on InP/BCB/glass structures due to ease of 

handling/packaging of glass substrates as compared to PEN flexible substrate.  Similar 

device characteristics have been observed and confirmed on layers transferred onto 

flexible substrates. 
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Figure 4.6: Dark Current-Voltage characteristics of reference (bulk) InP 

photoconductor, as-transferred photoconductor (seen up to 180°C annealing) and 

transferred photoconductor annealed to 350°C. 

The dark current increased by ~ 5 orders of magnitude, from less than 1nA in the bulk 

InP to >~60 µA at 1V following ion-cut transfer.  This dark current level dropped by a 

factor of 3 but remained in the same order of magnitude following annealing to 350°C.  

This increase of dark current is commonly observed in H-bombarded InP and is 

rationalized by the presence of a high density of defect sites spaced closely enough to 

support hopping-based electron conduction [6].  In parallel implant experiments (see 

Table 4.1), semi-insulating InP had a nominal resistivity ρ ~ 3 × 10
7
 Ω-cm.  Following 

implantation and exfoliation, the resistivity dropped to ~ 130 Ω-cm with n-type 
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conductivity and carrier concentration ~10
11 

cm
-2

 (10
15 

cm
-3

) according to the Hall 

effect measurement.  Upon annealing to 250°C for 1 hour, the sample remained n-type 

but the resistivity increased to ~500 Ω-cm, with carrier concentration ~10
10 

cm
-2

 (10
14 

cm
-3

).  Further electrical recovery and reduction of dark current require annealing to 

temperatures in excess of 550°C; however, temperature limitations due to the adhesive 

(BCB) prevent thermal annealing above 350°C. 

Table 4.1: Hall Effect Measurement for same-implant InP:Fe 

8.5e16, -15°C 1.3 µm thick ρ (Ω-cm) Sheet charge (cm
-2

) 

n-type 

Charge (cm
-3

) 

n-type 

Unimplanted >10
7
 Not measured Not measured 

As-transferred  ~130 1.3×10
9
 ~1×10

15
 

Annealed to 250°C  ~500 ~3×10
8
 ~2×10

14
 

 

4.3.2 Photocurrent 

Figure 4.7 shows the photocurrent (the difference between observed light 

current and dark current) of the reference and transferred devices. A 850 nm vertical-

cavity surface-emitting laser (VCSEL) operating at 0.1 mWcm
-2

 was focused to the 

chip level (covering the entire device absorption area, ~700 µm). The laser-excited 

photocurrent also increased by an order of magnitude after ion-bombardment, from 
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~200 nA to ~5 µA at 1V, before dropping to ~3 µA upon annealing to 350°C (out-of-

range and not-shown in Figure 4.7).   

 

Figure 4.7: Photo Current-Voltage characteristics of reference (bulk) InP 

photoconductor, as-transferred photoconductor (seen up to 180°C annealing) and 

transferred photoconductor annealed to 350°C.  

The linearity of the photocurrent in the transferred samples was improved over that 

observed in the bulk samples.  As InP is implanted, the increasing density of defects 

results in the semiconductor Fermi-level moving from ~midgap closer to near the 

conduction band, such that the sample becomes n-type.  This result suggests that the 

ion damage produces shallow donor-like defects [7].  As a result the metal contacts 
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exhibited more linear behavior post-implantation due to both the low observed 

Schottky barrier heights on n-InP (~0.3 eV) and these implant related defects leading 

to a higher junction leakage current [8].  This observation explains in part the 

increased photocurrent.  A comparison of the more linear portions of each 

photocurrent curve implies greater photo-sensitivity in the ion-bombarded samples. 

The underlying mechanism associated with this increased photo-sensitivity observed 

in ion-implanted InP has been discussed briefly to date in the literature [9-10].  High 

dose (~10
17

 cm
-2

) proton bombardment in p-type GaAs has been shown to induce 

optical absorption in the implanted layer, creating a distribution of active energy levels 

which extends well into the bandgap [11].  The defects responsible for this enhanced 

absorption do not appear to be the same specific defects contributing to changes in 

electrical resistivity.  These optically active defects could be largely removed from the 

implanted layer upon high temperature annealing (500°C) for a long period of time 

(~10
3
 min), while electrical defects persist even at such high temperatures.  This 

proton-induced absorption was observed in our case for InP as well as in the literature, 

with a diminishing effect upon annealing to 420°C [12].  Given the similarities in 

observed absorption behavior between GaAs and InP, a mechanism similar to that of 

GaAs may be likely for InP [13]. 

 A common figure of merit for photoconductors is the photoconductive gain, 

which is defined as the number of charge carriers which pass between the electrodes 

for each absorbed photon [14].  The magnitude of the photocurrent of the transferred 

samples (annealed to 350°C) is ~15 times larger than the photocurrent in the reference 
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sample and therefore the transferred samples have a greater photoconductive gain by 

the same magnitude.  Photoconductive gain is also expressed as a ratio of the carrier 

lifetime, lifetime, to the carrier transit time between contacts, ttransit: G= lifetime /ttransit.  

In hydrogen implanted InP, the electron mobility typically drops by approximately an 

order of magnitude following implantation and remains low until annealing to 

temperatures greater than 550°C, as discussed in Chapter 2.  This drop in electron 

mobility results in a longer effective transit time between the electrodes.  The 

observed increase in gain from transferred devices as compared to reference samples 

therefore implies an increase in carrier lifetime following ion-implantation and 

transfer.  A rough calculation of photoconductive gain and transit time at a bias of 1 V, 

with a spacing of 6 µm and a carrier mobility of ~150 cm
2
V

-1
s

-1
, yields a carrier 

lifetime of ~5.3 ns for the sample annealed to 350°C, compared to a calculated 

lifetime ~30 ps for bulk devices.  This increase in lifetime is likely due to traps 

introduced by ion-implantation [15].  The effects of these traps are diminished upon 

annealing, as evidenced by the attenuation of photoconductive gain upon annealing of 

the as-transferred sample to 350°C. 

4.4 Transient Response Characterization  

Transient photoconductive response of the reference and transferred InP 

photoconductors onto glass were carried out to measure the carrier lifetime.  The 

samples were mounted and wire bonded onto an integrated circuit package biased 

through a bias-T, and connected to a high-speed amplifier, with the output measured 

on an oscilloscope all through 50 Ω cables (schematically shown in Figure 4.8).  
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Figure 4.8: Diagram for transient photoconductive response measurement. The device 

under test (DUT) was biased through a bias T and illuminated using a 650 nm laser. 

The photosignal was amplified and sensed through an oscilloscope.  

A Becker-Hickl red laser (BHL-600) with pulse width ~55 ps, repetition rate of 20 

Mhz, and 650 nm wavelength was used to trigger photoresponse.  The transient 

response is shown in Figure 4.9.  The transient response of the transferred devices 

followed the train of laser pulses.  The full-width at half-maximum (FWHM) of the 

response, which was measured to range between~525-600 ps, was limited by the 

timing resolution of the system, which is ~500 ps.  The long-lived tail that persisted 

after the initial “fast” response is indicative of trap-mediated transport, due to the 

implanted-related localized states that significantly extend the carrier lifetime via a 

trapping/de-trapping mechanism [16].  This tail was not observed in the transient 

response of bulk devices, as the lifetime is expected to be much shorter than 500 ps.  A 
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first-order exponential fit of the transient response gives a time constant of ~7.4 ns, 

which is comparable to the lifetime calculated previously from photoconductive gain.  

 

Figure 4.9: Photoconductive transient response for transferred InP photoconductors 

(annealed to 350°C) upon pulsed laser excitation. The response is limited by the time 

resolution of the system (~500 ps). 

In summary, we have demonstrated prefabricated device transfer using ion-

cutting and adhesive bonding. InP photoconductive devices were fabricated, 

implanted, and transferred onto both glass and flexible PEN substrate.  The transferred 

devices were shown to be highly functional, with increased light responsivity at 850 
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nm as compared to bulk devices, but countered by a much larger dark current.  The 

increased light responsivity implied a longer carrier lifetime, which was verified in 

transient response measurements.  Annealing trends on the transferred devices suggest 

a tradeoff between responsivity and noise.  The actual use of the transferred devices 

would depend on required sensitivity.  Thus, for high speed optical communications 

where sensitivity is a key parameter, these devices would not be optimal [17].  In 

applications where noise is expected or is already being taken into consideration, such 

as radiation hard detectors for space applications, these devices can provide space and 

weight savings [18]. 

Chapter 4, in part, is a reprint of material as it appears in the Applied Physics 

Express 2009.  Chen, Wayne; Zhang, Arthur; Chen, Peng; Pulsifer, John E.; Alford, 

T.L.; Kuech, T.F.; Lau, S.S. The dissertation author was the primary investigator and 

author of this paper. 
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Chapter 5 

Patterned Ion-cut Transfer of InP 

 InP layer transfer with masked implantation (patterned ion-cut) was 

investigated to eliminate ion-implantation induced damage involved in the ion-cut 

process. InP donor wafers were selectively or pattern implanted with hydrogen 

through a mask, at a dose of 8.5 × 10
16

 ions cm
-2

 at 160 keV.  The mechanically 

exfoliated layers were characterized by large pyramidal protrusions on the surface 

associated with the unimplanted regions.  This undesirable morphology was bypassed 

through the inclusion of a selective etch stop layer.  The resulting structures possessed 

flat surfaces suitable for further bonding.  This process enables the transfer of InP with 

areas unaffected by ion-implantation, onto a variety of desirable substrates. 

5.1 Investigation of using Shipley S1805 for InP layer transfer and high 

temperature annealing 

While low temperature tolerant photoresists such as SU-8 and BCB limit 

electrical recovery after bonding and transfer, it was found that Shipley S1805 could 

act as a sufficient bonding agent and be annealed up to much higher temperatures.  

 N-type, sulfur-doped (100) InP was first implanted at 160 keV, 8.5 × 10
16

 cm
2
 

at -15C.  The donors and sapphire acceptor substrate were first cleaned in the manner 

described in Chapter 2.  S1805 was spun onto the sapphire acceptor at 3500 rpm for 40 

seconds.  A 2 minute soft bake at 105C was done on the S1805 to evaporate solvents 
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while maintaining sufficient reflow for bonding.  Following bonding, the bonded pairs 

were placed on hotplate at 100C under a heavy weight (~1 MPa) overnight.  The 

samples were then annealed to ~170C for 4 hours, resulting in good thermal 

exfoliation.  For further annealing, the heavy weight was necessary to prevent S1805 

from evaporating through the InP film during high temperature annealing. Figure 5.1 

shows a photograph of the resulting transferred layer.  

4mm

6mm

 

Figure 5.1: Digital Image of as-transferred InP/S1805/Sapphire 

5.2 Experimental Results of InP transfer using S1805 

S1805 is extremely sensitive to outgassing and evaporation.  To mitigate 

damage to the film, annealing up to 450C was done with the heavy weight in place. 

Further annealing from 550C to 750C required the use of a furnace; a heavy weight 

was not possible in this case.  Instead, a capping substrate of InP facing down on the 

bonded sample was used during anneal to prevent S1805 from lifting off the InP (as 
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well as mitigate the decomposition through preferential evaporation of phosphorus 

from InP).  Annealing at such high temperatures lowered the overall transferred area 

of the InP, especially along the edges of the transferred film, but Hall effect 

measurements were still successfully measured.  Table 5.1 shows the result of 

implanted and transferred n-type InP annealed up to 750C.  Annealing was done for a 

period of 1 hour up to 450C, after which anneals were done for 60s in forming as (5% 

hydrogen) in a furnace. 

Table 5.1: n-type InP annealing trend with S1805 resist 

 

The samples exhibit trends similar to previously observed InP; both the results and 

physical reasoning were discussed in Chapters 2 and 3 and will not be repeated here.  

It is interesting to note; however, that even at 750C the mobility and resistivity were 

still an order of magnitude worse than the original unimplanted InP.  This temperature 
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is already beyond the point at which InP begins to decompose through the preferential 

evaporation of phosphorus [1].  Therefore, electrical recovery of such a high dose of 

hydrogen implanted InP cannot be practically achieved with high temperature 

annealing.  It has been previously shown that limited patterned ion-cut transfer was 

possible in silicon, where certain regions of transferred layers were protected from the 

impinging ions through a mask based patterning [2].  We explore a similar process in 

InP to improve electrical characteristics of transferred InP layers.  

5.3 Experimental Details  

N-type, sulfur-doped (100) InP was first coated with ~65 nm of silicon-nitride 

deposited by plasma enhanced chemical vapor deposition (PECVD) to protect the 

surface during implantation.  A bilayer of Au(1.5 µm)/Ti(25 nm) metal layer was 

sputtered deposited onto the surface and patterned into a checkerboard configuration 

through photolithography [see Fig. 5.2(a)].  The patterns consisted of metal-patterned 

squares, ranging in size from 50 × 50 µm
2
 to 1000 × 1000 µm

2
.  The samples were 

then implanted with H
+
 ions at 160 keV, with a dose of 8.5 × 10

16
 cm

-2
 at -15°C and 

beam current of 150 µAcm
-2

. The thickness of the Au/Ti mask was calculated to be 

adequate to stop all incoming hydrogen in the blocked regions (Rp+6), according to 

SRIM2006 simulations [3].  Following implantation, the ion mask and silicon-nitride 

layer were removed through metal etchant and hydrofluoric acid, respectively.  A 

portion of the samples was annealed between 100 and 200°C to determine the 

blistering temperature, which was found to be between 125 and 150°C.  Under 
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microscope observation, it was confirmed that all blistering was confined only to the 

implanted regions, demonstrating the effectiveness of the Au/Ti metal layer in 

preventing exfoliation.  The ion-implanted, patterned InP donor was cleaned using 

trichloroethylene, acetone, and isopropanol, and then bonded to a sapphire receptor 

substrate using SU-8, as shown in Fig. 5.2(b).  The bonded donor-receptor samples 

were then exposed to near-UV (350nm) radiation designed to cross-link the SU-8 and 

strengthen the bond.  Additional annealing at 100°C for 1 day was also carried out to 

further strengthen the bonding and to allow for defect nucleation and crack formation. 

The samples were then annealed to 150°C for 1 hour.  A single edge razor blade was 

manually inserted to mechanically cleave the InP layer from the donor [see Fig. 

5.2(c)].   
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Figure 5.2: Schematic of patterned transfer (a) ion-mask deposition and ion 

implantation of InP; (b) after removal of ion mask, the donor is bonded to sapphire 

substrate with SU-8; (c) following heat treatment, a blade is inserted to mechanically 

delaminate the layer. 

5.4 Surface Characterization of Pattern-Transferred (110) InP 

Figure 5.3 and 5.4 illustrate, through scanning electron microscope (SEM) 

micrographs, the surface of the transferred InP layer (~1.3 µm thick), including 50 µm 

unimplanted areas in checkerboard configuration.  Fig. 5.4 shows an image of 

individual surface protusions at higher magnification. 
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Figure 5.3: Top-view SEM of transferred InP layer with 50 m unimplanted regions 

with many surface protusions. 
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Figure 5.4: Further zoomed top-view SEM of transferred InP layer with individual 

50m-unimplanted region  

While the ion-implanted regions were smooth, a hillock/pyramidal morphology was 

observed in the unimplanted areas.  Figure 5.5 illustrates a stylus-profilometry 

measurement of several such morphologies. 
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Figure 5.5: Surface Profilometer measurement of transferred layer with 50µm-

unimplanted regions. 

From the observed data, we infer two distinct fracture mechanisms which 

occur in mechanical exfoliation: (1) conchoidal fracture, which appeared as a series of 

fine clamshell lines and which was observed in the direction of blade insertion (see 

Figure 5.4) and (2) brittle fracture, corresponding to smoother surfaces at the other end 

of blade insertion.  The appearance of the clamshell lines has previously been 

observed in semiconductor materials, including InP, and is indicative of plastic 

deformation [4].  The surfaces corresponding to brittle fracture were steeper compared 

to conchoidal fracture surface and were likely composed of various cleavage planes in 

InP.  Figure 5.6 shows a histogram of the angles measured from the flat (100) surface 

to the angled pyramidal planes.  The angles were estimated (+/-3°) from numerous 

measurements.  Two angular peaks were observed; one ranging between 30-33°, and a 
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second in the range 39-43°.  The lower peak corresponded to conchoidal fracture 

surfaces (denoted in Fig. 5.5 as Ө1), while the larger angle corresponded to the brittle 

fracture surface (denoted in Fig. 5.5 as Ө2).  The exfoliation was also conducted 

~150°C and at ~ -196°C (in liquid nitrogen bath), with lower and higher angles for Ө1 

and Ө2, respectively.  Such observations are consistent with an increased brittle failure 

with decreasing temperatures [5]. 

 

Figure 5.6: Histogram of angles between smooth hillock surfaces and the transferred 

(100) plane.  
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A tentative explanation for the above observations involves the difference in 

the defect structure and stress, after implantation, between the two regions.  Additional 

stress is applied during the mechanical delamination.  At the onset of mechanical 

exfoliation, crack propagation is initiated at the edge of the implanted regions [6].  The 

actual crack propagation is a locally complex phenomenon.  The crack front does not 

have to be linear but rather could propagate more rapidly through the heavily damaged 

implanted regions.  Since it is reasonable to assume that the crack has already moved 

through the local surrounding implanted regions, there is a very high stress 

concentration at the edge of the non-implanted regions due to the force of the 

mechanical separation.  Once crack propagation begins inside the unimplanted regions 

it can move from cleavage plane to cleavage plane.   Ө2, which is close to 45°, could 

correspond to fracture along the (110) plane, which is the principal cleavage plane of 

InP [7]. 

The height of the hillock-like morphologies increased with the pattern size of 

the unimplanted region, as plotted in Figure 5.7.  On the 1 mm patterns, a maximum 

height of ~140 µm was recorded.  Such irregular and non-conformal morphology is 

obviously undesirable for device-layer transfer of InP.  While chemical mechanical 

polishing (CMP) can be used to remove the protrusions, we have developed an 

alternative method to remove such cleavage induced artifacts.  The incorporation of a 

selective etch back layer within the implanted region allows for the recovery of a 

planar surface, as schematically illustrated in Figure 5.8 [8].  
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Figure 5.7: Hillock structure height as a function of unimplanted region size. 

In this process, a 500 nm layer of InGaAs etch stop followed by a 100 nm InP 

device layer was grown via MOCVD [see Fig. 5.8 (a)].  As most InP devices are 

fabricated on epitaxially-grown layers, the addition of an etch stop only marginally 

increases the complexity of the process.  As in the case with the bulk donors wafers, 

the unwanted protrusions were observed following transfer [Fig. 5.8 (c)].  However, 

the unwanted protrusions were removed through the use of a selective etch.  
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Figure 5.8: Schematic of patterned transfer with selective etch back: (a) InP epilayer 

with etch stop is first grown on InP, followed by ion-mask deposition and ion 

implantation; (b) after removal of ion mask, the donor is bonded to sapphire substrate 

with SU-8; (c) following heat treatment, a blade is inserted to mechanically delaminate 

the layer; (d) the hillock and top layer of InP are etched away, achieving flat layer 

transfer.  

Figure 5.9 (a) shows the hillock structure following mechanical exfoliation. 

Figure 5.9(b) shows the removal of the InP hillocks after 30 second etching in diluted 

HCl:H2O=2:1 mixture.  The etch rate of the top InP layer was between 8-10 µm per 

minute.  Figure 5.9(c) shows the complete removal of the InP hillocks after 60 seconds 

in the diluted hydrochloric acid solution.  The InGaAs etch stop layer can also be 

etched away with a H3PO4:H2O2:H2O=1:1:30 solution. 
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As transferred

100µm

(a)

 

After 30 second etch

100µm

(b)

 

60 second etch

100µm

(c)

 

Figure 5.9: (a) As-tranferred InP/InGaAs/InP/Al2O3. (b) After etching for 30 seconds 

using dilute HCl. (c) After etching for 60 seconds using dilute HCl.    
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In summary, we have demonstrated a technique of transferring patterned ion-

cut InP device-containing layers.  This method, when used in conjunction with already 

demonstrated double-flip transfer process, would enable integration of high-quality 

InP layers onto plastic/flexible substrates as well as Si and other integration platforms. 

The incorporation of selective etch layers combined with patterned ion implantation 

leads to the full protection of the InP-based devices while recovering a planar bonding 

surface leading to heterogeneous materials integration without the need for post 

temperature processing. 

Chapter 5, in part, is a reprint of material as it appears in the Electrochemical 

and Solid-State Letters 2009.  Chen, Wayne; Bandaru, P; Tang, C.W.; Lau, K.M.; 

Kuech, T.F.; Lau, S.S. The dissertation author was the primary investigator and author 

of this paper. 
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Chapter 6 

High Quality InP Layers transferred by Cleavage Plane Assisted Ion-cutting 

In Chapter 5, we demonstrated that masked implantation of InP could be useful 

in circumventing the damage while maintaining the advantages of ion-cutting.  The 

device regions-of-interest to be transferred were protected from ion damage by a 

masking layer while adjacent regions were not.  The exfoliation process occurred in 

the implanted regions while crack propagation occurred under the masked regions. 

The observed cleavage plane of InP is the (110) plane which is at an angle of 45 to 

the (100) sample surface.  The fracture occurred partly on these planes leading to a 

large hillock morphology observed in the nonimplanted regions projecting away from 

the original fracture plane.  These hillocks were removed by the inclusion of a 

selectively etched region which undercut the hillock removing it from the device layer 

being transferred. 

In this chapter, (110)-oriented InP wafers were used in the ion-cut and transfer 

process.  At present most work on epitaxial growth of InP layers is done on (100) InP, 

likely due to the nucleation difficulties noted in (110) growth [1].   Utilizing this 

orientation should lead to the cleavage plane being parallel to the sample surface, and 

may mitigate the problem of the hillock morphology.   
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6.1 Experimental Details 

N-type, sulfur-doped (110) InP (ρ ~0.001 Ω-cm) was first coated with ~65 nm 

silicon-nitride, deposited via PECVD to protect the surface from contaminants during 

implantation.  A bilayer of Au (1.5 μm)/Ti (25 nm) was sputter-deposited into a 

checkerboard configuration formed through photolithography [see Fig. 6.1(a)].  The 

patterns consisted of squares ranging from 50 μm  50 μm to 2 mm  2 mm. The 

samples were implanted with H
+
 ions at 160 keV (Rp~1.22 μm), with a dose of 9  

10
16 

cm
-2

, at -15°C and a beam current of 150 μAcm
-2

. The thickness of the Au/Ti 

mask was determined by the projected range plus six standards of deviation (Rp+6σ) 

which is adequate to stop all incoming hydrogen in the blocked regions.  This was 

determined using the computer simulation code SRIM2006 [2].   Following 

implantation, the Au/Ti masking layers were removed. Several samples were annealed 

up to 200°C in order to determine the blistering (exfoliation) temperature as well as to 

verify (under microscope observation) that blistering was confined only to implanted 

regions.  
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Figure 6.1: Schematic for patterned ion-cut transfer: (a) following checkerboard ion 

mask deposition, the InP donor is selective implanted with hydrogen; (b) after removal 

of ion-mask, the donor is bonded to sapphire substrate with SU-8; (c) following heat 

treatments, exfoliation is done by either by thermal or mechanical means.   

The (110) InP donors were cleaned with trichloroethylene, acetone, and 

isopropanol and then bonded to sapphire receptor substrates using SU-8 [Fig. 6.1(b)]. 

Sapphire was chosen to act as a temporary handle in the double-flip process due to its 

UV transparency and overall processing resistance.  The bonded donor-receptor 

samples were then exposed to near-UV (350 nm) radiation to cross-link the SU-8 and 

strengthen the bond.  A low temperature (100°C), overnight anneal was then carried 

out to strengthen and stiffen the SU-8 to provide a minimally compliant backing 

during the hydrogen exfoliation step.  This initial annealing step also served to reduce 

the subsequent exfoliation temperatures by nucleating defects at the eventual fracture 

interface [3].  The temperature was then raised to ~175°C for 1 hour which was above 

the exfoliation temperature for InP. Mechanical or thermal exfoliation can be used to 
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separate the layer [see Fig. 6.1(c)].  Mechanical exfoliation was carried out by the 

insertion of a thin razor blade while thermal exfoliation required several hours of 

annealing at 175°C. 

6.2 Optical, SEM, and AFM Results 

Figure 6.2(a) and 6.2(b) presents optical and SEM micrographs of (100) InP 

donors as discussed in Chapter 5.  The hillock/pyramidal morphology is prominent in 

the unimplanted regions and attributed to crack propagation along cleavage planes 

non-parallel to the (100) surface.  

The use of (110) InP, however, leads to a smoother morphology void of these 

large hillocks found when using the (100) substrates.  This is illustrated by the optical 

and SEM micrographs in Figure 6.3(a) and 6.3(b).  The morphology in the 

unimplanted regions is characterized by plateau regions which are parallel to the (110) 

surface, indicating crack propagation along (110) planes.  
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Figure 6.2: (a) Nomarski optical and (b) SEM images of patterned transfer with (100) 

InP donors. A hillock/pyramidal morphology is prominent.   
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Figure 6.3: (a) Nomarski optical and (b) SEM images of patterned transfer with (110) 

InP donors. Plateaus of (110) orientation are observed.   

Figure 6.4 shows an AFM image which includes both implanted and 

unimplanted regions of transferred (110) InP.  Surface roughness RMS of the implanted 

region over 3  3 m
2
 area was found to be ~11 nm, which is consistent with 
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previously reported values for ion-cut surfaces [4].  Surface roughness of the 

unimplanted regions varied depending on whether the average was taken over a 

change in (110) plateau or within one smooth plane.  For 3  3 m
2 

areas over which 

there was a shift in (110) plateau, the RMS was ~3-6 nm.  For averages taken within 

one plane, the RMS for 3  3 m
2
 areas was typically less than 1 nm and as low as 0.4 

nm.  

 

 

Figure 6.4: AFM image of transferred (110) InP layer with both implanted and 

unimplanted regions. The unimplanted region is characterized by a series of smooth 

plateaus while the implanted region is more uniformly rough.   
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6.3 Surface Profilometry 

The transferred surface height was measured using surface profilometry.  

These surfaces features differ greatly between (100) and (110) InP substrates.  In the 

(100) case, the height of the hillock-like morphologies increased with the lateral 

dimension of the unimplanted regions.  Unimplanted regions which were 50 μm on a 

side resulted in hillocks as high as 15 μm.  On 1 mm wide unimplanted regions, a 

maximum height of ~140 μm was measured.  In contrast, the plateau heights formed 

by the unimplanted regions of the (110) InP substrate were relatively small in 

comparison.  Feature heights less than 1 μm, and more typically a few hundred nm 

were found for all unimplanted regions less than 1 mm in lateral dimension.  Heights 

of <6 μm were recorded for the maximum 2 mm size attempted. 

Figure 6.5 shows a surface profile measurement over a 2 mm unimplanted 

region (separated by mechanical exfoliation) and is representative of the surface 

profile of transferred (110) InP.  As in the case of the (100) InP transfer, the 

morphology within the unimplanted regions are a result of the interaction of crack 

propagation from the implanted regions into the unimplanted regions.   Upon 

sufficient heating of the hydrogen-implanted InP donor wafer to exfoliation 

temperatures, hydrogen-induced microcracks become fully developed within the 

implanted regions.   The implanted regions possess a highly defected region at the 

range of the implant to guide and facilitate the crack propagation while confining the 

fracture surface to a narrow region.  As the crack interacts with the non-implanted 

area, stress is localized and concentrated at the edges of the unimplanted region.  The 
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crack continues to propagate along the preferred cleavage or fracture planes.  In 

typical diamond cubic crystal structures, cleavage is easiest along (111) planes [5].   

For zinc-blende materials such as InP and other III-V semiconductors, the preferred 

cleavage plane is the (110) family of planes [6].   This agrees with the observed 

smooth surface or plateau-like morphology observed in Figure 6.3, indicating that the 

fracture indeed occurred along the (110) plane in the unimplanted regions. 

 

Figure 6.5: Surface profilometry measurement over 2 mm unimplanted region 

transferred via mechanical exfoliation. 
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6.4 Electrical Measurements 

Hall effect measurements using the Van der Pauw method were performed at 

both room (300K) and liquid nitrogen temperatures (77K) on the transferred samples 

to assess the electrical characteristics associated with different transferred regions. 

Figure 6.6 below illustrates the measurement setup for transferred samples.  

 

Figure 6.6: Illustration of Contact Location for Hall Effect Measurement 

The measurement of the area of interest is valid only upon the assumption that the 

conductivity of the area of interest is much higher than that of the implanted regions. 

The resulting Hall measurements show that this was indeed the case.   

Table 6.1 contains the electrical characterization results from bulk InP, 

blanket-implanted and transferred InP, and selectively implanted and transferred InP. 

Bulk InP samples exhibited a low resistivity, high carrier concentration, and high 

mobility at both 300K and 77K.  There is no discernable difference in the electrical 

characteristic at the two temperatures.  The high doping levels in the bulk wafer (over 
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10
18

 cm
-3

) reduces or eliminates any mobility enhancement at lower measurement 

temperatures due to the dominance of ionized impurity scattering [7].  

Table 6.1: Hall measurement of bulk and transferred (110) InP samples. For 

unimplanted regions surrounded by implanted regions, the thickness was approximate 

and denoted with *. Correction factors were not applied and values are estimates. 

 

In blanket-implanted InP, the samples exhibited a high resistivity due to both a 

low carrier concentration and low mobility.  The reduction in both carrier 

concentration and mobility are attributed to the implantation-induced defect structure. 

The resulting carrier transport is characterized by a hydrogen defect-assisted hopping 

conduction mechanism at 300K [8].   The higher measured mobility is indicative of a 

reduced influence of ionized impurity scattering, most probably due to the formation 
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of neutral defects with the observed carrier freeze-out [9].  The large difference in 

resistivity between bulk and implanted InP at both temperatures (> 5 orders of 

magnitude) allows us to neglect the contribution of the implanted regions in the 

measuring of the electrical characteristics of the selectively-implanted and transferred 

InP.  Measurements of the unimplanted regions were made by forming contacts at the 

corners of the unimplanted InP, which were surrounded by the high resistivity 

implanted regions.  Electrical characteristics very similar to that of the bulk material 

are observed at 300K and 77K, indicating that the electrical properties of the bulk 

material were preserved when using the ion-cut and transfer process.  

In summary, (110) InP was shown to facilitate the ion-cut transfer process and 

was found to be more suitable for patterned-transfer than (100) oriented InP.  The 

presence of the principal cleavage plane parallel to the wafer surface facilitated crack 

propagation parallel to the transferred surface.  The preservation of the electrical 

properties within the transferred region demonstrated the viability of transferred and 

preserving the characteristics of (110) InP-based devices through the double-flip 

transfer process.  The main challenge in regards to (110) InP device fabrication and 

transfer is of epitaxial growth (110) wafers. 

Chapter 6, in part, is a reprint of material as it appears in the Electrochemical 

and Solid-State Letters 2010.  Chen, Wayne; Chen, Winnie V.; Lee, Kangmu; Lau, 

S.S.; Kuech, T.F. The dissertation author was the primary investigator and author of 

this paper. 
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Chapter 7 

Various Transfer Methods of High Electron Mobility Transistors onto Sapphire 

 In Chapter 4, we demonstrated the double-flip transfer of a simple 

photoconductor device, a passive, minority carrier device.  In this chapter, we 

successfully extend ion-cut transfer to a majority carrier device on sapphire: InP-based 

high electron mobility transistors.  High-speed modulation-doped field effect transistor 

layers, or MODFETs, were first epitaxially grown on InP bulk substrates.  The 

MODFET layers were then transferred onto sapphire using one of three methods: A) 

substrate removal through polishing and etching, B) conventional ion-cutting, and C) 

patterned ion-cutting or masked ion-cutting.  Following layer transfer, transistors were 

fabricated at low temperatures (<150°C) and characterized using I-V and C-V 

measurements.  Transistors transferred by conventional ion-cutting method were 

proven to be unsuitable for device fabrication.  We found, however, that transistors 

could be successfully fabricated using the substrate removal or masked ion-cutting 

methods, both of which avoid ion-implantation related damage directly in the device 

region. The transferred transistors were well behaved with a high field-effect mobility 

(µaverage > 4000 cm
2
V

-1
s

-1
).  The advantages of patterned ion-cutting over conventional 

substrate removal method include less variation between fabricated devices, slightly 

higher mobility likely due to lower etch pit density, and the potential recycling of the 

original donor substrate. 
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7.1 Three Methods of Device Layer Transfer 

We have transferred InP-based MODFET layers via adhesive bonding onto 

sapphire using three methods.  The first method, Method A, was the bond and etch-

back method, which involves the initial bonding of the wafer to a handle wafer.  The 

bonded wafers were then mechanically and chemically etched, removing the entire 

donor substrate from the wafer backside down to a selective etch stop layer.  Method 

A is the conventional method and has proven to be useful for transferring and 

integrating onto another substrate InP layers which retain their initial „bulk‟-like 

materials properties, for both solar cell applications and double-gated transistors [1,2].  

Method B, standard whole wafer or blanket ion-cutting, involved the hydrogen 

implantation of the donor substrate, followed by ion-induced transfer via wafer 

bonding and chemical etching of the exposed backside of the transferred material 

down to the selective etch stop layer.  This method has been proven viable for the 

transfer and fabrication of minority carrier photodetector devices, albeit with severe 

penalty in electrical and optical characteristics, but allows for recycling of the InP 

donor wafers [3].  Method B is the method of ion-implantation used in Chapters 2-4.  

Method C involved selective area or masked hydrogen implantation of the donor layer, 

as introduced in Chapters 5 and 6.  Patterned ion implantation and the subsequent ion-

cut process avoid the ion-implantation induced damage associated with ion-cutting 

within the active device region.  There is also the potential for the loss of additional 

donor material due to pyramidal protrusions in the ion-masked areas after exfoliation.  
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In this chapter, we compare each of these methods for the transferring and fabrication 

of InP MODFETs and discuss the advantages and drawbacks to each method. 

7.2 Experimental Procedure 

InP-based MODFET structures were epitaxially-grown on semi-insulating InP 

substrates via metal organic vapor phase epitaxy (MOVPE), as shown in Figure 7.1. 

The structure is similar to conventional InP-based MODFETs except the typical 

growth order was reversed resulting in an as-grown structure which will possess the 

conventional layer sequence with respect to the surface after layer transfer.  Additional 

layers of undoped InP and InGaAs were incorporated within the grown structure in 

order to provide redundant etch stop layers for the purpose of minimizing etch pit 

density.    
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Figure 7.1 Schematic of InP-based MODFET epitaxial layers. 

In Method A, the MODFET structure was first bonded to sapphire using 

Microchem SU-8 Formulation 2005 [see Figure 7.2(a)].  This formulation is a newer 

version of SU-8 Formulation 5, with identical polymer properties but slightly different 

solvent content.  SU-8 was spin-coated onto the sapphire acceptor at 5000 rpm for 40 

sec, at maximum spinner acceleration.  After spin-coating, the sapphire sample was 

baked at 150°C for 5 min, allowing for solvent evaporation and modest polymer 

reflow. Bonding was done at 150°C [Fig. 7.2(b)].  
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Figure 7.2: Process Flow for Method A (Bond and Etch Back substrate removal) of 

InP-based MODFET epitaxial layers: (a) InP MODFET Layers are grown via 

MOCVD; (b) the structure is bonded to sapphire with SU-8; (c) mechanical polishing 

to thin the InP substrate; (d) chemical etch down to the device layers.  

Following bonding, the sample was exposed to near-UV (350-400nm) at a dose of 150 

mJcm
-2

 to cross-link and harden the SU-8 polymer.  The thickness of the SU-8 varied 

but was typically between 2-5 µm.  After a hard bake at 150°C for greater than 3 

hours, the InP substrate was affixed to a polishing weight and mechanically polished 

[Fig. 7.2(c)] to a thickness of ~50 µm using silicon carbide polishing powder (240 grit 

size).  The remaining InP substrate was then chemically-etched using a hydrochloric 

acid solution  (HCl:H2O=2:1) for ~5 min, depending on the thickness of the remaining 

substrate.  The second etch stop was removed using a phosphoric acid solution 
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(H3PO4:H2O2:H2O=1:1:30) for ~ 1 min.  The final etch stop was removed with dilute 

hydrochloric acid solution (HCl:H2O=1:1) for 30 sec [Fig. 7.2(d)].   

In Method B, the entire MODFET wafer was first implanted with H
+
 at a dose 

of 9 × 10
16

 cm
-2

 at 160 keV using a beam current of 150 µAcm
-2

 [Fig. 7.3(a)].  The 

samples were held at -15°C during implantation.  A thin layer (~70 nm) of silicon-

nitride was deposited via plasma enhanced chemical vapor deposition (PECVD) 

before implantation; this layer was removed immediately prior to wafer bonding using 

dilute hydrofluoric solution (HF:H2O=1:10).  Following the same bonding and 

exposure procedures as outlined in Method A, the structure was annealed for 12 hours 

at 100°C to initiate defect nucleation and crack formation [3].  The sample was then 

annealed at 150°C for 1 hour.  Thermal exfoliation occurred during this period [Fig. 

7.3(c)], at approximately 1.3 µm from the surface of the original donor (and ~0.6 µm 

into the InP substrate).  The remaining InP substrate and etch stop layers were 

removed as in Method A [Fig. 7.3(d)].  
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Figure 7.3: Process Flow for Transfer of Method B (blanket ion-cut transfer) of InP-

based MODFET epitaxial layers: (a) InP MODFET Layers are grown via MOCVD, 

followed by hydrogen ion implantation; (b) the structure is bonded to sapphire with 

SU-8; (c) ion-cut transfer by thermal exfoliation; (d) chemical etch down to the device 

layers. 

In Method C, the MODFET structure was again coated with ~70 nm of 

PECVD silicon-nitride.  A bilayer of Au(1.5 µm)/Ti(25 nm) was sputter-deposited 

onto the surface and patterned into a checkerboard configuration through 

photolithography [Fig. 7.4(a)].  The pattern consisted of 200 × 200 µm
2
 metal squares 

which shielded the samples from ion implantation.  The thickness of the mask was 

determined to be sufficient to stop all incoming hydrogen in the protected areas, 

according to both SRIM2006 simulation and the results from Chapters 5 and 6 [4].   

Employing the same implant conditions as in Method B, the ion masks were removed 
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using gold etch and hydrofluoric acid (HF:H2O=1:10), respectively.  The samples 

were then bonded and subjected to the same thermal annealing sequence as in Method 

B [Fig. 7.4 (b)(c)].  Patterned ion-cut exfoliation occurs via insertion of a mechanical 

blade.  The transferred substrate then went through chemical etching similar to 

Methods A and B [Fig. 7.4(d)]. 

 

Figure 7.4: Process Flow for Transfer Method C (patterned ion-cut transfer) of InP-

based MODFET epitaxial layers. (a) InP MODFET Layers are grown via MOCVD, 

and device regions are protected by ion-mask; (b) selective ion-implantation and 

subsequent removal of the ion-masks; (c) bonding of the structure to sapphire with 

SU-8; (d) patterned ion-cut transfer initiated by mechanical exfoliation; (e) chemical 

etch down to the device layers. 

After the transfer of the device layers onto sapphire, the MODFET devices 

were fabricated through a sequence of process steps similar to conventional processes, 
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with the exception that all processing temperatures are kept below 150°C.  This 

temperature restriction was required to ensure that the bonding strength of SU-8 was 

not degraded. Mesas 100 × 150 µm
2
 in size were formed by etching the surrounding 

epitaxial material through a sequence of etch steps: 1) phosphoric solution 

(H3PO4:H2O2:H2O=1:1:30) for 1 min, 2) hydrochloric solution (HCl:H2O=1:1)  for 15 

seconds, 3) phosphoric solution (H3PO4:H2O2:H2O=1:1:30) for 1 min, and 4) 

hydrochloric solution (HCl;:H2O=1:1) for 30 sec.  The gate recess was performed 

through wet chemical etching (H3PO4:H2O2:H2O=1:1:40) for 30 sec while protecting 

the source and drain regions.  Surface profilometry was performed following etching 

to ensure the correct thickness of the mesas (~210 nm) as well as the depth of the gate 

recess (~50nm).  Source and drain metal contacts [bilayer of Au(100 nm)/Ti(30 nm)] 

were sputter-deposited and annealed at 150°C for 12 hours to promote good adhesion 

to the n
+
-InGaAs layer.  Gate contacts were deposited via electron beam deposition [a 

bilayer of Pd(100 nm)/SiO2(3 nm)].  

The current-voltage (I-V) and capacitance-voltage (C-V) characteristics of the 

transferred MODFET were measured using a semiconductor analyzer (in the dark). 

Capacitance-voltage measurements were obtained at a frequency of 250 kHz, and the 

capacitance at the highest Vgs value was taken to be Cgs.  Perimeter and fringe 

capacitance were ignored due to the large area of the gate (50 × 100 µm
2
); other 

experimental results, not included in this report, had showed that such capacitances 

were negligible in our case.  
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7.3 Results 

Figure 7.5 shows optical and Nomarski-contrast microscope images of fully 

fabricated MODFETs transferred onto sapphire substrates by patterned ion-cut 

method.  The device yield and device parameter variation varied depending on the 

specific transfer method, with Method A producing the highest yield (~75% of 

devices) but also the broadest variation in the device characteristics.  Method B did not 

produce any functioning devices, and Method C producing the lowest device 

parameter variation among functioning devices with a yield of ~40%. 

 

Figure 7.5: (a) Optical and (b) Nomarski contrast microscope images of MODFETs 

transferred onto sapphire.  

 Figures 6, 7, and 8 present typical I-V and C-V measurements obtained from 

the transferred MODFETs onto sapphire using Methods A, B, and C.  Well-defined 

transistor characteristics were observed for Methods A and C, while Method B 
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exhibited slightly non-linear characteristics, indicating high gate leakage, preventing 

any FET-like behavior.  No C-V measurement was obtainable from the Method B 

samples due to this high gate leakage.  The increase in drain current at higher Vds 

values is attributed to the “kink effect” associated with floating body transistors 

without substrate tie to ground, and ignored for the present purposes [5].  Capacitance 

measurements yielded Cgs of ~0.33-0.35 µFcm
-2

 for transistors transferred using 

Methods A and C.  The highest value of Cgs was chosen from within the range of Vgs 

used in the corresponding I-V plot.  The area of the transistors was assumed to be 50 × 

100 μm
2
 (area underneath the gate). 

 

Figure 7.6: Typical Ids-Vds and Cg-Vgs characteristic of a MODFET transferred onto 

sapphire using Method A. 
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Figure 7.7: Typical Ids-Vds characteristic of a MODFET transferred onto sapphire 

using Method B.  

 

Figure 7.8: Typical Ids-Vds and Cg-Vgs characteristic of a MODFET transferred onto 

sapphire using Method C.  

 



 101 

7.4 Extraction of Device Parameters 

Field-effect mobility was extracted from both linear and saturation regions of 

the I-V plots.  In the linear region, 
ds

d linear ds

ds s

I W
g V

V x L

 



   , where gd is the 

channel conductance,  ε is the permittivity of the semiconductor material, xs is the 

depletion width, and W and L the width and length of the gate [6].  Calculating values 

for gd for different Vgs, we can solve for the field-effect mobility: 
dg gs linear

W
slope C

L
 .  

Similarly, in the saturation region, ( ) ( )dsat
m sat gs t

gs s

I W
g sat V V

V x L

 



    , where gm(sat) 

is the transconductance.  Using the difference between saturation values (before the 

kink effect) for different Vgs, the field-effect mobility can be obtained:  

( )mg sat gs sat

W
slope C

L
 .  The channel conductance and transconductance as a  
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function of Vgs for both types of transistors are plotted in Fig. 7.9 below. 

 

Figure 7.9: Channel Conductance (gd) and Transconductance [gm(sat)] of transistors 

fabricated by Method A and Method C. The lines indicated are linear fits to the 

presented data. 

Linear fits to these characteristics are used to obtain the threshold voltage (voltage 

intercept) to for each type of transistor:  Vt~-0.75 V for Method A and Vt~-0.4 V for 

Method C.  The maximum external transconductance was calculated to be ~ 70 

mSmm
-1

 for Method A transistors and ~55 mSmm
-1

 at Vgs=0.4 V.  At higher Vgs, the 

leakage from the Schottky gate is excessive and prevents extraction of device 

parameters.  The slopes of the conductance curves were used to calculate an average 
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field-effect mobility of ~4000 cm
2
V

-1
s

-1
 for Method A transistors. Method C 

transistors had an average mobility ~4800 cm
2
V

-1
s

-1
. 

7.5 Discussion 

Blanket hydrogen implantation-induced transfer (Method B) resulted in non-

functioning transistors (see Fig. 7.7).  The gate leakage in these structures is attributed 

to the high density of ion implant related defects.  As mentioned in earlier chapters, a 

high H
+
 dose is required for the InP exfoliation: for an implant energy of 160 keV, the 

doses is near 1 × 10
17

cm
-2

.  Such a high dose results in severe degradation of the 

electrical characteristics of InP.
 
 Tables 7.1 and 7.2 show Hall effect measurements 

from earlier experiments (Chapters 4 and 5) involving InP implanted under similar 

conditions to the dose and energies used here.  For semi-insulating, iron-doped InP, 

shown in Table 7.1, the original resistivity is lowered following implantation and 

transfer.  The resistivity is partially recovered upon annealing to 250°C with an 

apparent decrease in the defect density.  In Table 7.2, additional thermal annealing 

beyond 550°C for implanted n-type InP samples does not restore the original carrier 

concentration to initial, pre-implantation value.  Again, this is attributed to the residual 

implant damage observed in III-V compound semiconductors [7].  Annealing beyond 

600°C is undesirable because InP decomposes through preferential evaporation of 

phosphorus [8].  As previously reported [9], the defects created by hydrogen 

implantation in highly resistive InP appear to move the semiconductor Fermi-level 

closer to the conduction band.  Therefore, contacts which normally exhibit Schottky 

behavior exhibit sufficient leakage to prevent rectification [10].  Implanting through 
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the device layers introduces defects that increase the gate junction leakage, rendering 

the gate (and transistor) ineffective,
 
even if higher temperature annealing were 

possible [11]. 

Table 7.1: Hall effect measurement of semi-insulating, iron-doped InP following 

hydrogen implantation and transfer onto glass.  All carriers were determined to be n-

type. 

InP:Fe  ρ (Ω-cm) Sheet charge 

(cm
-2

) 

Concentration 

(cm
-3

) 

Unimplanted >10
7
   

As-transferred  ~130 1.3×10
9
 ~1×10

15
 

Annealed to 250°C  ~500 ~3×10
8
 

 

~2×10
14
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Table 7.2: Hall effect measurement of n-type, sulfur-doped InP following hydrogen 

implantation and transfer onto glass. All carriers were determined to be n-type.  

n-InP ρ (Ω-cm) Conc. (cm
-3

)  µ (cm
2
/V-s) 

Unimplanted ~0.001 ~4×10
18

 ~1600 

As-transferred  ~30 ~3×10
15

 <100 

Annealed at 250°C ~60 ~1×10
15

 <100 

Annealed at 350°C ~600 ~1×10
14

 <100 

Annealed at 450°C ~30 ~5×10
15

 <100 

Annealed at 550°C ~20 ~1×10
16

 <100 

 

In masked implantation, active device regions are protected from ion-

implantation but still transferred along with implanted areas onto the acceptor 

substrate.
 
 As we saw in Chapter 5, however, the masked implantation of (100) InP 

resulted in the transfer of pyramidal protrusions beneath the masked areas.  These 

protrusions result from the fracture of the InP donor along its preferred cleavage plane 

of (110) in non-implanted regions; if (110) donors had been used, then the transfer 

would have been smooth and parallel to the surface as discussed in Chapter 6.  Figure 
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7.10 shows a scanning electron microscope image of a typical pyramidal protrusion. 

The pyramidal protrusion does not cover the entire protected area, which was 100 × 

100 µm
2
 in size.  Therefore, the patterned transfer for the MODFETs with mesa size 

100 × 150 µm
2
 required the protected area to be 200 × 200 µm

2
.  This allowed the 

fabrication of the devices to be done in the center of the protected area (after the 

chemical etching and removal of the protrusions).  

 

Figure 7.10: Scanning Electron Microscope image of a typical pyramidal protrusion. 

Although the device structure has not been optimized, the transistors had 

maximum transconductance between 50-70 mSmm
-1

.  These values are lower than 

reported values in the literature for the similar device structure [12].  This is likely due 

to two key differences in our device architecture which lead to higher contact 
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resistance and therefore lower conductance.  The first is the lower doping 

concentration (1 × 10
18 

cm
-3

) of the n
+
-InGaAs contact layers, which are typically 

doped higher (5 × 10
18 

cm
-3 

to 1 × 10
19

 cm
-3

) [2].  The second is the spacing between 

gate-source and gate-drain are ~10 µm, which are an order of magnitude larger than 

those typically reported in literature [12]. 

 

Figure 7.11: Nomarski Image of Transistor Mesa transferred by Method A. Etch pits 

are present throughout the mesa. 

Transistors fabricated on layers transferred by Method A did function but with 

high variation in characteristics and slightly lower mobility than devices fabricated on 

layers transferred by Method C.  Due to non-uniformities in the chemical wet etching 
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of the InP substrate, it was advantageous to first mechanically polish the InP to reduce 

the thickness of the wafer needing to be wet chemically etched.  Even with a thinner 

substrate, however, the quality of the transferred layer varied depending on length of 

time the selective etch stops were exposed to the HCl etching solution.  The etch pit 

density increased with the duration of HCl exposure.  After the gate recess etch, these 

etch pits likely reached down through the InGaAs channel.  Figure 7.11 above shows 

an image of a transferred mesa with etch pits.  

To reduce these subsequent large leakage currents, which would render the 

gate modulation ineffective, a thin layer (~3 nm) of SiO2 was evaporated prior to 

deposition of the gate metal.  Transistors fabricated on layers transferred by Method C 

had the advantage of being the last region to be exposed to the etching solution due to 

the protection provided by the pyramidal protrusions.  Method C transistor mesas 

therefore exhibited far fewer etch pits following transfer (~10x less).  

The difference in etch pits density is assumed to be responsible for the 

observed differences in the characteristics between Method A and Method C 

transistors shown in Figure 9.  The threshold voltage difference of ~0.3-0.4 V may 

have been caused by the etch pits providing additional current paths between the gate 

metal and the channel, adding to the overall conduction and increasing threshold 

voltage.  Because these etch pits extend through the entire device layer, including the 

InGaAs channel, it is likely that are responsible for the slight lowering the field-effect 

mobility for Method A transistors.   
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Patterned transfer can also suffer from yield issues.  In the present laboratory 

conditions, not all protected areas were transferred, and not all pyramidal protrusions 

were equal in size and height, leading to the local variation in device yield.  It should 

also be noted that the yield of the patterned ion-cut transferred material was found to 

increase with a more rigid substrate.  Regardless of the specific yield, the high 

mobility exhibited by the transistors indicates device layers can be transferred by ion-

cut which preserve the as-grown device potential without the need for thermal 

annealing.   

7.6.  Summary 

 High electron mobility transistors using a conventional MODFET design were 

transferred onto sapphire substrates using three methods: bond and etch back, whole 

wafer blanket ion-cutting, and patterned or masked ion-cutting methods.  Since an 

adhesive bond is used and all processing is done at low temperature (≤150°C), a wide 

array of substrates, such as glass and flexible, substrates can be used.  Bond and etch 

back substrate removal techniques resulted in functional high speed transistors, but 

drawbacks include complete loss of growth substrate, the need for mechanical 

polishing, and varying etch pit density due to lack of uniformity in etching.  Blanket 

ion-cut transfer was demonstrated to be unsuitable for any majority carrier device 

requiring a Schottky contact for functionality.  Layer transfer via masked hydrogen 

implantation was shown to be effective in protecting device regions during 

implantation while still taking advantage of the benefits of ion-cutting, and may serve 

as an economical alternative to the traditional method of removing the entire donor 
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substrate.  Transferred transistors exhibited a high field-effect mobility (> 4000 cm
2
V

-

1
s

-1
).  In Chapter 8, we take these devices and transfer them a second time (in a double 

flip) onto flexible substrate. 

Chapter 7, in part, has been submitted for publication of the material as it may 

appear in the Journal of the Electrochemical Society 2011.  Chen, Wayne; Kuech, 

T.F.; Lau, S.S.  The dissertation author was the primary investigator and author of this 

paper. 

 

 

 

 

 

 

 

 

 

 

 



 111 

References 

[1] K. Shiu, J. Zimmerman, H. Wang, S.R. Forrest, “Ultrathin film, high specific 

power InP solar cells on flexible plastic substrates,” Applied Physics Letters 95, 

223503 (2009). 

[2] N. Wichmann, I. Duszynski, S. Bollaert, J. Mateos, X. Wallart, and A Cappy, 

“100nm InAlAs/InGaAs double-gate HEMT using transferred substrate,” IEEE IEDM 

04-1023 (2004). 

[3] S. Hayashi, D. Bruno, and M.S. Goorsky, “Temperature dependence of hydrogen-

induced exfoliation of InP,” Applied Physics Letters 85, 236 (2004). 

[4] W. Chen, P. Bandaru, C.W. Tang, K.M. Lau, T.F. Kuech, and S.S. Lau, “InP Layer 

Tranfser with Masked Implantation,” Electrochemical and Solid-State Letters 12 (4) 

H149-H150 (2009). 

[5] S.M. Sze and K.K. Ng, Physics of Semiconductor Devices, Wiley (2007) 344. 

[6] S.M. Sze, Physics of Semiconductor Devices, Wiley (2007) 405. 

[7] K. Gamo, T. Inada, J.W. Mayer, F.H. Eisen, C.G. Rhodes, “Reordering of 

implanted amorphous layers in GaAs,” Radiation Effects and Defects in Solids 33, 85 

(1977). 

[8] S. Hayashi, M. Goorsky, A. Noori, and D. Bruno, “Materials Issues for the 

Heterogeneous Integration of III-V Compounds,” Journal of The Electrochemical 

Society 153, G1011-1014 (2006). 

[9] W. Chen, A. Zhang, P. Chen, J.E. Pulsifer, T.A. Alford, T.F. Kuech, and S.S. Lau, 

“Feasibility Study of Ion-Cut InP Photoconductor Devices on Glass Substrates,” 

Applied Physics Express 2 022201 (2009). 

[10] Z. Abid, A. Gopinath, F. Williamson, and M.I. Nathan, “Direct-Schottky-contact 

InP MESFET,” IEEE Electron Device Letters 12, 279 (1991).  

[11] M. Tong, K. Nummila, A. Ketterson, “InAlAs/InGaAs/InP MODFET‟s with 

uniform threshold voltage obtained by selective wet gate recess,” IEEE Electron 

Device Letters 13, 10 (1992). 

[12] K.M. Lau, C.W. Tang, H. Li, and Z. Zhong, “AlInAs/GaInAs mHEMTs on 

silicon substrates grown by MOCVD,” IEEE International, IEEE Electron Device 

Meeting 15-17 December (2008), 1-4. 

 

 

 



112 

Chapter 8 

High Electron Mobility Transistors on Plastic Flexible Substrates 

 The double-flip transfer of InP-based transistors onto plastic flexible substrates 

was demonstrated. InP-based modulation-doped field effect transistor layers 

(MODFETs), epitaxially grown on InP bulk substrates, were transferred onto sapphire 

using masked ion-cutting process (Method C in Chapter 7).  Following layer transfer, 

transistors were fabricated at low temperatures (≤150°C).  The device structure was 

then bonded to flexible substrate, and laser ablation was used to separate the initial 

bond, completing the double-flip transfer.  The transferred transistors were 

characterized using I-V and C-V measurements, and exhibited high field-effect 

mobility (µaverage ~ 2800 cm
2
V

-1
s

-1
).   

8.1 Experimental Procedure 

InP-based MODFET layers were grown on semi-insulating InP via metal 

organic vapor phase epitaxy (MOVPE), as shown in Figure 8.1.  The typical growth 

order of a conventional MODFET was reversed to allow for conventional fabrication 

of devices to be performed after transfer onto the sapphire handle.  The doping level in 

the ohmic contact layer of n-type InGaAs was intentionally lowered by one order of 

magnitude (from 1 × 10
19 

cm
-3

 to 1 × 10
18 

cm
-3

) to reduce the etch pit density of the 

device layers [1].  Additional layers of undoped InP and InGaAs were also 

incorporated to provide redundant etch stop layers required in the subsequent 

processing. 
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Figure 8.1: Schematic of InP-based MODFET epitaxial layers. 

Silicon nitride (~70 nm) was initially was deposited on the surface of the 

MODFET layers by plasma enhanced chemical vapor deposition (PECVD) prior to 

hydrogen implantation.  This layer provides a clean robust surface for wafer bonding 

and minimized interaction between the subsequently deposited metallic ion-mask and 

the semiconductor layers.  The ion-mask layers consisted of a bilayer of sputter 

deposited Au(1.5μm)/Ti(25nm), patterned into 200 × 200 μm
2
 squares by 

photolithography [Fig. 8.2a)].  The implant conditions were H
+
 at a dose of 9 × 10

16 

cm
-2

 at 160 keV, beam current of 150 μAcm
-2

, and temperature held at -15°C.  The 

thickness of the ion-mask was calculated to stop all implanted hydrogen in the masked 
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areas, using SRIM2006 simulations [2].  After implantation, the metal ion mask 

material and silicon-nitride layer were removed using gold etch and hydrofluoric acid 

(HF:H2O=1:10), respectively.   

The MODFET layers were then bonded to sapphire using Microchem SU-8 

Formulation 2005 [Fig. 8.2(b)].  Once again, sapphire was chosen as handle wafer 

because it is transparent to ultraviolet radiation.  SU-8 was spun onto the sapphire 

handle at 5000 rpm and then baked at 150°C for 5 min to evaporate solvent.  Bonding 

was carried out at 150°C.  To strengthen bonding, the SU-8 was exposed to UV 

illumination (λ = 350-450 nm) through the sapphire at a dose of 150 mJ cm
-2

 to cross-

link the polymer.  The bonded structure was then annealed for 12 hours at 100°C, and 

then 150°C for 1 hour.  Patterned ion-cut exfoliation was initiated by insertion of a 

mechanical blade.  Pyramidal protrusions were observed in protected areas that were 

transferred onto the sapphire handle.  These protrusions (typically 50-70 µm) and the 

InP substrate which was transferred along with the device layers were removed by 

etching in a hydrochloric acid solution (HCl:H2O=2:1) for ~5 min.  The second and 

third etch stop layers were removed in a phosphoric acid solution 

(H3PO4:H2O2:H2O=1:1:30) for ~1 min and a dilute hydrochloric acid solution 

(HCl:H2O=1:1) for 30 seconds [Fig. 8.2(c)]. 

The MODFET devices were fabricated following layer transfer with all 

process temperatures restricted to less than 150°C [Fig. 8.2(c)].  This temperature 

restriction was to ensure the bonding strength of SU-8 which degrades at elevated 

temperatures.  Mesas, 100 × 150µm
2
, were formed at the center of the masked or 
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protected regions by etching the surrounding epitaxial material through to the SU-8 

using a combination of hydrochloric and phosphoric acid solutions.  The gate recess 

was done using dilute phosphoric acid solution (H3PO4:H2O2:H2O=1:1:40) for 30 

seconds.  The depth of the gate recess was verified to be ~50 nm as measured by 

surface profilometry. The source and drain metal contacts [Au(100 nm)/Ti(30 nm)] 

were then deposited onto the n-InGaAs layer by sputtering and annealed at 150°C for 

12 hours to promote adhesion.  Gate contacts, consisting of Pd(100 nm)/SiO2(3 nm), 

were deposited using electron beam evaporation thus completing  the device structure. 

In order to transfer the devices onto a flexible PEN substrate, the MODFET 

device structure was bonded to a PEN substrate using SU-8 Formulation 2010.  This  

thicker SU-8 formulation was advantageous for bonding, given the varying topology 

of the devices with the rougher PEN surface.  After bonding at 150°C and 300 mJcm
-2

 

near-UV exposure, the composite structure was annealed at 150°C for 12 hours to 

strengthen the second SU-8 bond and drive out any residual solvents [Fig 8.2(d)].  A 

25 ns, 248 nm Lambda Physik krypton-fluoride laser was sufficient to delaminate the 

first SU-8 bond with a single shot, at a dose of ~333 mJcm
-2

 [Fig 8.2(e)].  A 

CF4/oxygen plasma was used to etch away SU-8 residue and complete the double flip 

transfer onto flexible substrate [Fig 8.2(f)].  The sapphire handle could then be reused 

by immersion in „piranha‟ solution (H2SO4:H2O2=3:1) at 70°C. 
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Figure 8.2: Process Flow for Double-flip Transfer of MODFET transistors onto 

flexible substrate: (a) MODFET Layers are grown, ion-masks are deposited, and 

selective ion-implantation is done; (b) the structure is bonded to sapphire with SU-8 

and patterned ion-cut transfer is initiated; (c) chemical etch removes the etch stops; (d) 

the structure, with finished devices, is bonded to flexible substrate with SU-8; (e) laser 

ablation of the first SU-8 bond; (f) SU-8 removal completes the process. 

 



 117 

8.2 Results 

Figure 8.3 show an optical image of the transferred MODFETs. Figures 8.4, 

8.5, and 8.6 present Nomarksi-contrast microscope images of the transferred 

MODFETs at different magnifications (50X, 200X, and 400X respectively).  The 

images show the successful transfer of the devices but also highlight some processing 

issues which affect the yield.  First, the spot size of the laser was non-rectangular in 

shape and not directly matched to the desired transistor areas.  This resulted in some 

areas not being transferred and therefore lost [see left portion of Figure 8.3].  

 

Figure 8.3: Digital Image of Transferred MODFET 

This can, of course, be mitigated by an improved laser illumination source.  Next, the 

mechanical exfoliation was done by manual insertion of a mechanical blade, which 

initiated patterned ion-cut transfer.  Such small scale, laboratory processing has non-
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uniformity which would be controlled in a more rigorous processing environment. 

Due to the varying force applied to the protected device regions, not all areas which 

were protected from impinging ions were transferred onto the sapphire substrate.  A 

visual inspection following layer transfer showed that protected areas which 

transferred successfully were characterized by pyramidal protrusions, while areas 

which did not transfer or did not transfer completely did not have semiconductor 

material covering the entirety of the protected region.  We estimate that the yield of 

usable protected area, even under such laboratory conditions, was ~ 40%.  A more 

consistent method (both in terms of force and area) of initiating crack propagation 

would be beneficial.  Also, the devices fabricated were large in area with long channel 

lengths (50 µm) and large gate-drain and gate-source widths (10 µm) for fabrication 

ease.  Smaller sized devices would not only perform better, but would require smaller 

area of protection during masked ion-implantation (thus improving patterned-transfer 

yield).  Finally, the devices were damaged by the plasma used to remove the SU-8.  

An example of this is shown in Figures 8.4 and 8.5.   
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Figure 8.4: Nomarski Microscope Image of Transferred MODFETs (50X) 

 

Figure 8.5: Nomarski Microscope Image of Transferred MODFETs (200X) 
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Because the resulting flexible MODFETs are in an upside configuration, the source 

and drain contact metals now have the titanium layer (instead of the gold) exposed. 

Titanium appears to be susceptible to the plasma used to remove the SU-8, as 

evidenced by the discoloration of the contact pads in Figure 8.5.  The etching also 

seems to have damaged the semiconductor layer as shown in Figure 8.6.  This damage 

may have been responsible for lower device performance via introduction of defects to 

the backside of the transistor (see later discussion).  A less damaging method of 

removing SU-8 would dramatically improve both yield and performance of the 

transferred MODFETs. 

  

Figure 8.6: Nomarski Microscope Image of Transferred MODFETs (400X) 

Figure 8.7 present typical I-V (top) and C-V (bottom) measurements obtained 

from the flexible MODFETs.  These transistor characteristics were observed to be 

similar to measurements taken before transfer onto flexible substrate (after transfer to 
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sapphire, not shown here but were presented in Chapter 7).  Capacitance 

measurements carried out at 250 kHz possessed an on-value of Cgs ~16 pF, yielding a 

per area capacitance of ~0.32 μFcm
-2

 (assuming an active device gate area of 50 × 100 

μm
2
).  Device field-effect mobility and threshold voltage were extracted from the 

linear and saturation portions of the I-V plots by calculating the channel conductance 

gd and transconductance gm(sat) vs. Vgs.  Linear fits to the calculated conductance 

points yield threshold voltage (at voltage intercept) of Vt~-0.45 V and field-effect 

mobility (using the slope) of μaverage ~ 2800 cm
2
V

-1
s

-1
.  The maximum external 

transconductance was calculated to be ~50 mSmm
-1

 at Vgs=0.5 V, which was the 

highest Vgs value prior to the onset of significant gate current. 
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Figure 8.7: (top) Typical I-V and (bottom) C-V characteristics of a flexible 

MODFET.  
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8.3. Discussion 

Although the flexible MODFET device characteristics were similar to the 

devices before transfer onto flex, there were two key differences.  The first was that 

the “kink effect” was found to be more prominent in the samples after transfer to 

flexible substrate.  The “kink effect”, which is characterized by an increase in Ids at 

higher Vds values once the transistor is saturated, has been noted in both 

InAlAs/InGaAs HEMT‟s and in floating-body devices [4, 5].  The effect is observed 

in our transferred MODFETs, which are essentially floating body InAlAs/InGaAs 

HEMT devices.  In InAlAs/InGaAs HEMT devices, the kink effect is believed to be 

due to impact ionization resulting in hole accumulation in the source and its 

modification of the channel potential beneath the source end of the gate [4].
 
 In 

floating body devices, the kink effect is believed to be due to forward biasing of the 

source-body junction [6].  Regardless of origin, the kink effect is a result of hole 

accumulation in the body near the source region of the transistor; this is exacerbated 

when the source-side recess is of large width (as it is in our case) due to charging of 

the surface states [7].  When the MODFET was on sapphire, the source-side recess 

surface was an undoped InP (U-InP) layer exposed to air.  After the MODFET was 

transferred onto flexible substrate, however, the source-side recess surface was 

comprised of U-InP in contact with SU-8.  This difference may have altered the 

surface state density or occupation in such a way that the device characteristics were 

more susceptible to hole charging and therefore lead to this kink effect. 
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 Furthermore, in Figure 8.6, we observed tiny surface imperfections under 

Nomarski-contrast microscope at high magnification (400X).  These imperfections 

appeared following the plasma etching of the SU-8 and were likely due to slight 

etching of the InP buffer layer adjacent to the InGaAs channel.  We speculate that this 

etching may have introduced defects into the InP buffer layer, which in turn may also 

have enhanced hole-trap charging.  This type of hole-trap charging due to defects in 

buffer layers has been suggested as yet another factor enhancing the kink effect [8].  

These defects may have also led to the second major difference between 

MODFETS/sapphire and MODFETS/flex: field-effect mobility was lowered after 

transfer to flex, i.e, ~4000 cm
2
V

-1
s

-1 
for the samples on sapphire.  Further work is 

necessary to clarify these issues. 

8.4 Summary  

In summary, a double-flip layer transfer process using adhesive bonding, 

masked ion-cutting, and laser ablation has been demonstrated to be viable for 

integration of high speed InP-based high electron mobility transistors onto flexible 

substrates.  The flexible transistors exhibited mobility of ~2800 cm
2
V

-1
s

-1
, which, 

based off of the results discussed in Chapter 7, may be further improved after process 

development of the plasma-etching step related to SU-8 removal.  The field-effect 

mobility reported in this study far exceeds that of thin film transistors based on 

organic semiconductors, amorphous or polycrystalline silicon, or single-crystalline 

silicon. 
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Chapter 8, in part, has been submitted for publication of the material as it may 

appear in the Applied Physics Letters 2011.  Chen, Wayne; Alford, T.L.; Kuech, T.F.; 

Lau, S.S.  The dissertation author was the primary investigator and author of this 

paper. 
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Chapter 9 

Stress-induced Transfer of Ultra-thin Silicon Layers onto Flexible Substrates 

 

In the previous chapters, a method of integrating high-speed InP devices onto 

flexible substrates was demonstrated.  This method used took advantage of ion-

cutting, while circumventing the damage through pattern-cut transfer.  In this chapter, 

we introduce stress-induced cleavage as a method of transferring sizable areas of thin 

layers of silicon onto alternative substrates such as sapphire and flex.  By bonding 

bulk silicon to a sapphire handle wafer using the polymer SU-8, an ultra-thin layer of 

silicon can be transferred from the donor substrate onto the sapphire via mechanical 

cleavage.  The thickness of the transferred silicon was essentially determined by the 

processing steps and the elastic properties of the composite structure.  We further 

show that a double-flip process enables the complete transfer of ultra-thin Si onto 

flexible substrates. 

9.1 Introduction to Silicon on Flexible Polymers 

The most dominant limitation of silicon on flexible polymer substrates is the 

relatively low temperature tolerance (typically below 200°C).  Because of this 

limitation, the usefulness of ion-cutting (which requires temperatures higher than 

600°C for damage annealing) is limited when flexible substrates are involved, unless a 

patterned transfer technique is used [1,2].  Recently, the transfer of bulk-quality strips 

of silicon by use of silicon-on-insulate (SOI) wafers and selective etching was 
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demonstrated [3].  This method separated the top silicon layer of the SOI by bonding 

the layer to a temporary substrate and then etching the buried oxide layer to separate 

the top silicon from the rest of the donor.  The top layer of silicon is then bonded to 

flexible substrate. 

Mechanical exfoliation of silicon using residual stress has previously been 

shown to transfer limited areas of silicon without the need for ion-cutting [4].  In this 

method, the silicon donor layer was stressed by the contraction of the bonding layer. 

When mechanical exfoliation is initiated, crack propagation continues parallel to the 

bonding interface at a characteristic depth.  The experimental results showed that 

small areas (~1 mm
2
 ) of (100) silicon can be exfoliated and transferred onto an 

acceptor wafer [4].  The resulting thickness was modeled as a function of material 

properties and could be modified with low doses of hydrogen ion implantation [5].  

The objective of this work was to investigate the possibility of transferring 

large areas of silicon and other materials onto flex using the stress-induced method.  

 9.2 Experimental Details 

Figure 9.1 shows the process schematic for stress-cut onto sapphire.  The Si 

donors and sapphire acceptors were cleaned with trichloroethylene, acetone, and 

isopropyl alcohol [See Fig 9.1(a)].   A layer of Microchem SU-8 (Formulation 5) was 

spun onto sapphire at 1500 rpm for 45 sec, followed by soft-baking of the SU-8 layer 

at 100°C for 15 min.  Immediately prior to bonding, the acceptor temperature was 

raised to 150°C.  Near 100% area bonding was achieved by pressing on the backside 
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of the donor and checking for visible voids in the bonding layer [see Fig 9.1(b)].  After 

bonding, the temperature was maintained at 150°C for 5 min.  The samples were then 

exposed through the sapphire with near-UV (350nm) light at a dose between 200-300 

mJcm
-2

 to cross-link the SU-8.  The final annealing took place at ~170°C-200°C 

between 4-6 hours.  Pressure can be applied (~10-20 kPa) during annealing to improve 

the transfer yield.  After cooling, a blade was used to separate the silicon donor [see 

Fig 9.1(c)].  Typically the point of the blade was made at the edge of largest width, but 

annealing temperature and cooling rate appeared to be the more dominant factors in 

achieving large, reproducible areas of transfer.  

 

Figure 9.1: Schematic of stress-induced cut process: (a) clean silicon donor and 

sapphire acceptor; (b) bond silicon to sapphire using SU-8; (c) after annealing 

sequence, mechanical exfoliation of silicon 

9.3 Experimental Results 

Figure 9.2(a) shows an optical image of a typical transferred acceptor and 

donor pair.  The transfer percentage was nearly 100% of the donor area and appearred 
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to be limited by the size of the donor.  These results were typical of both (100) and 

(111) oriented silicon.  No implantation was done to either type of donor. Figure 

9.2(b) shows a surface profilometry measurement of the edge of the transferred region 

(from SU-8/sapphire to Si/SU-8/sapphire).  The measurement indicates an extremely 

thin layer has been transferred: approximately 15 nm. This thickness is observed for 

both (100) and (111) orientations, and across the entire transferred region of about 1 

cm
2
. With such a thickness, if the transferred silicon layers are left in ambient 

overnight, the layer interacts with oxygen and forms SiO2.  Photoresist was spun onto 

the sample to preserve the silicon layer for characterization. 

 

Figure 9.2: (a) Optical image of Si/SU-8/Sapphire and Si donor (b) Surface 

profilometry of layer edge. The layer thickness is approximately 15 nm.  

9.4 Further Experimental Details 

Figure 9.3 schematically shows the additional processes needed to transfer the 

layer onto flexible substrate.  The Si/SU-8/sapphire structure was first cleaned and 
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then bonded to PEN substrate with SU-8 [Fig. 9.3(a) and (b)].  The Si/SU-8/FLEX can 

be debonded by excimer laser delamination of the first SU-8 bond [6].  Laser ablation 

of SU-8 is useful for breaking SU-8 bonding without using high temperatures or 

chemical etchants which could degrade the silicon and/or flexible substrate. 

Delamination of the first SU-8 bond can be done with a single shot at 400 mJ over a 

1.2 cm
2
 area [Fig. 9.3(c)] [7].  For further processing, SU-8 residue can be etched 

away using CF4/oxygen plasma.   

 

Figure 9.3: Schematic of transfer to flex: (a) Clean transferred Si/SU-8/Sapphire 

structure; (b) bond structure to FLEX using SU-8; (c) laser ablation of original SU-8 

bond to complete the transfer. (d) Optical image of ultra thin Si transferred to FLEX.  

Figure 9.3(d) shows an optical image of the final transferred substrate prior to plasma 

treatment.  Only a portion of the silicon layer remains bonded to the PEN-substrate—

this was a result of a mismatch between laser beam intensity throughout the spot size 
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and the size of the desired transfer layer.  However, the middle region is well bonded 

to the flexible substrate.  

9.5 Discussion 

The transferred thickness can be rationalized using the fracture model 

developed by Drory et.al and extended by Loryuenyong et.al to our structure [see 

Figure 9.4(a)] [4,8].    

 

Figure 9.4: (a) Model of Sapphire/SU-8/Si transfer; (b) Comparison of transferred 

thickness of donor wafers vs. Young’s Modulus Ratio (ESU-8/ESi) based on prediction 

using the KII=0 criterion and previous experimental values. Adapted from 

Loryuenyong [4]. 

The model assumes linear elastic and isotropic properties for SU-8 and Si, and 

consists of a pre-tensioned SU-8 film with thickness h attached to Si.  The structure is 

equivalent to the SU-8 film subjected to compressive loading, P, acting along the 

neutral plane per unit thickness, ∆, and the corresponding moment, M of the force P: 
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where λ is the relative crack propagation depth with respect to the film thickness and 

Ms is the result of additional bending moment do to other factors such as stress 

gradients in the film. The crack-tip stresses intensity factors, KI and KII, are vector 

parameters that characterize the stress state near the crack front under applied loads. 

KI denotes crack opening mode while KII denotes shear modes. They can be expressed 

as follows: 
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where ∑ is the relative Young’s modulus between the SU-8 and the Si. I, the moment 

of inertia, and ∆ are given by 
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There are large differences between the coefficients of thermal expansion (CTE) of Si 

(CTE=3 ppm/°C), SU-8 (CTE=52 ppm/°C), and sapphire (CTE=5-10 ppm/°C) [9].  
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Upon cooling from elevated to room temperatures, the SU-8 shrinks at a much higher 

rate than Si, introducing a tensile stress which results in the loading, P [10].  The 

moment, M is a result of the bending of the structures from P.  According to the Drory 

model, the crack opens parallel to the bonding interface (KII=0) [8].  This is applicable 

to our case as the layer exfoliation occurred almost entirely due to thermal stresses and 

appears to be uniform [11].  Using this criterion, Loryuenyong et.al fitted their 

experimental results with the analytical model and determined that Ms≈(.33+/- .01)Ph.  

Figure 9.4(b), adopted from reference 10 shows the fitted crack depth vs. ∑, the ratio 

of Young’s Modulus.  The model predicts that for small values of ∑, the relative crack 

depth is linearly proportional to ∑.  Using the fitted model, we see that the normalized 

crack depth, λ, should be ~0.0035 in our case.  With an approximate thickness of 5 µm 

for the SU-8, the characteristic depth or transferred thickness should then be ~17.5 

nm, which is close to our observed values of ~15 nm.  Thicker formulations of SU-8 

were also used to induce transfer: ~12 µm-thick SU-8 resulted in thicknesses of ~30 

nm, while 23 µm-thick SU-8 resulted in thickness of ~45 nm.  These results verify the 

trend that thicker SU-8 films induce thicker layers of transferred silicon.  We therefore 

conclude that our results are consistent with the extended model of fracture reported in 

the literature [11]. 

Additionally, we observe several major differences in our transferred samples 

as compared to experimental results previously reported [4]: (1) nearly 100% of the 

donor is transferred in our case, as opposed to only small areas (~2 mm × ~1 cm for 

(100) Si); (2) both the size and thickness of the transfer in our experiments are 
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independent of wafer orientation.  Previous reported results were found to be 

dependent on the orientation of the wafer [4].  (111) silicon wafers were found to 

transfer with larger areas [1 cm × 1.5 cm] than (100) silicon, rationalized as a result of 

the lower surface energy for the (111) surface which enhances stress relaxation via 

crack propagation.  Furthermore, the thickness of the transferred silicon varied from 

approximately 60 nm (for 100) to 80 nm (for 111) nonimplanted silicon to much 

higher thicknesses for donors implanted with hydrogen implantation (approaching the 

projected range at doses greater than 10
16

cm
-2

) [5].  In our experiments, the thickness 

of transferred silicon layers remained unchanged but was consistent with the analytical 

model even after hydrogen implantation at nearly 10
17

cm
-2

.  Additionally, we 

attempted the thermal stress transfer procedure on GaAs and InP, but were unable to 

achieve any layer transfers. 

We speculate that these differences are due to the factors neglected in the 

analytical model and/or processing differences.  We calculate the stress due to the SU-

8 shrinkage using the following equation: 

 



  CTE *T * E  

where ∆CTE is the difference in coefficients of thermal expansion between the 

semiconductor and SU-8, ∆T is the change in temperature, and E is the Young’s 

modulus of the semiconductor.  This results in stresses of 1.56 GPa for Si, 0.66 GPa 

for GaAs, and 0.84 GPa for InP.  These thermal stresses are higher than reported 

results for critical fracture stress in all three materials, but only silicon was observed to 
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transfer.  Reported fracture strengths have a wide range depending on the surface 

conditions [12].  All three donor materials in our case are one-side polished.  We note 

that separation in the silicon cases occurred much more readily for faster cooling rates 

(~140°C/min) versus slower cooling rates (~10°C/min).  Faster cooling rates were 

accompanied by a cracking sound, similar to the exfoliation of ion-cut silicon.  Faster 

cooling rates also resulted in larger area transfer as compared to slow cooling rates. No 

transfer or sounds were observed in the case of the III-V materials.  At this moment, 

this observation cannot be explained by simple theories. Further work is necessary to 

clarify these issues.    

In conclusion, large area, ultra-thin (~15 nm) layers of bulk silicon can be 

transferred onto sapphire substrates using mechanical stress transfer.  Further transfer 

onto flexible substrates can be done using a second transfer which involves laser 

ablation of the initial SU-8 bond.  The control of the film thickness appears to scale 

with the thickness of the SU-8 film; precise control of the thickness requires more 

work to clarify the importance of the processing steps. This method can be useful in 

creating ultrathin silicon based devices on flexible substrates; such as ultrathin SOI 

MOSFETS, or as membranes for charge- and size-based separation of macromolecules 

[13,14]. 

Chapter 9, in part, is a reprint of material as it appears in the Electrochemical 

and Solid-State Letters 2011.  Chen, Wayne; Doran, C.; Govea, D.; Alford, T.L.; Lau, 

S.S. The dissertation author was the primary investigator and author of this paper. 
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Chapter 10 

Summary and Future Work 

10.1 Summary of the Dissertation 

 Heterogeneous integration of InP with alternative substrates, particularly 

flexible plastic substrates, was studied in this dissertation.  Adhesive wafer bonding 

and ion-cutting are technologies which together can allow for integration of InP-based 

devices with a wide variety of substrates.  

Ion-cutting of InP was demonstrated to be viable with adhesive bonding, 

particularly SU-8 polymer photoresist.  Near 100% layer transfer is achievable in most 

cases due to the reflow properties of SU-8.  Continuous transfer (vs. island transfer) 

was successful with SU-8 because of the stiffness of the polymer following cross-

linking and annealing.  

Double-flip layer transfer was demonstrated as a viable method of transferring 

device layers onto various substrates.  The trade-off of ion-cutting was starkly 

presented in Hall measurements which exhibited poor electrical characteristics when 

compared to bulk substrates, as well as in the transfer of a photoconductor device, 

which exhibited many orders of magnitude increase in noise due to ion-implantation 

related damage.  

To circumvent the damage of the ion-cutting, patterned ion-cut transfer, or 

layer transfer by masked-implantation, was shown to be successful in both (100) and 
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(110) InP donors.  However, in (100) donors, pyramidal protrusions were transferred 

along with the protected regions.  The insertion of selective etchstop, however, 

enabled removal of the protrusions through selective chemical etching.  

The removal of SU-8 by oxygen plasma following double-flip transfer crippled 

the performance of Schottky gate contacts.  This was detrimental to the transfer of 

InP-based MODFETs which rely on a Schottky gate contact for transistor modulation.  

Due to the robustness of SU-8 polymer, the double-flip transfer process of InP-based 

HEMTs had to be redesigned.  Instead, device layers were grown upside-down and 

first transferred onto sapphire substrates using either traditional bond-and-etch-back or 

patterned ion-cutting techniques.  MODFET fabrication on these layers transferred 

with these two methods resulted in high-mobility, bulk quality InP-based MODFETs.  

Once the MODFETs were transferred onto sapphire substrates and fully 

fabricated, they could then be transferred again using laser lift-off techniques.  The 

removal of SU-8 was less detrimental to device performance because the Schottky 

gate contact was now on the bottom of the structure and protected from oxygen 

plasma.  These devices realized the goal of high field-effect mobility devices on 

flexible substrates. 

Also introduced in the dissertation was the stress-induced transfer of silicon 

onto sapphire.  This technique avoided the ion-implantation issues altogether, allowing 

high area transfer of bulk-quality silicon onto flexible substrates.  The thicknesses of 

the transferred silicon layers were also shown to be exceedingly thin.   
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10.2 Future Work 

  (100) InP wafers were used as the substrate for growth of the epitaxial 

MODFET layers due to epitaxial growth difficulties in (110) InP.  If device layers 

could be grown on (110) InP wafers, then larger area transfer of bulk quality InP could 

occur.  The largest transferrable area is currently unknown, as we were limited to 

using smaller areas due to scarcity of (110) InP.  Larger area transfer could be useful 

for applications such as solar cells or sensors.  

 The transfer of InP-based MODFETs onto flexible substrate was demonstrated 

as viable, but more process development is necessary to improve yield and device 

metrics.  First, a more consistent method of patterned-transfer needs to be developed 

to improve yield when transferring the protected regions, especially in the case of 

(100) patterned-transfer of InP.  Second, the laser used to initiate the second-transfer 

needs to be optimized for the transfer area.  Finally, a better method of SU-8 removal 

would mitigate the damage done to the devices by plasma etching.  It would be 

beneficial to conduct a study on easily removal polymers to see which adhesives 

would be suitable for both ion-cutting as well as clean removal.  

 Additionally, large area, long channel devices were transferred in our case for 

fabrication ease.  Short channel devices would further enable higher speed devices on 

flexible substrates.  Additionally, the double-flip process allows for simple double-

gate processing, which would further enhance device control and characteristics. 
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 Stress-induced transfer of silicon was introduced, but a number of questions 

remain regarding tailoring of the thickness of the transferred layers.  Also, the 

extension of stress-induced transfer to III-V semiconductors has not been fruitful to 

this point and needs to be explored to be successful.  A better understanding of the 

mechanisms for silicon stress transfer should enable similar transfer in III-V 

semiconductors. 




