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Microwave heating has been used to decrease the time required for exfoliation of thin
single-crystalline silicon layers onto insulator substrates using ion-cut processing. Samples
exfoliated in a 2.45 GHz, 1300 W cavity applicator microwave system saw a decrease in incubation
times as compared to conventional anneal processes. Rutherford backscattering spectrometry, cross
sectional scanning electron microscopy, cross sectional transmission electron microscopy, and
selective aperture electron diffraction were used to determine the transferred layer thickness and
crystalline quality. The surface quality was determined by atomic force microscopy. Hall
measurements were used to determine electrical properties as a function of radiation repair anneal
times. Results of physical and electrical characterizations demonstrate that the end products of
microwave enhanced ion-cut processing do not appreciably differ from those using more traditional
means of exfoliation. © 2007 American Institute of Physics. �DOI: 10.1063/1.2737387�

INTRODUCTION

Ion-beam modification of materials, combined with en-
gineering of materials properties, has given life to silicon on
insulator �SOI� and silicon on heterogeneous layered device
technologies. The process of exfoliating a thin layer of sili-
con by ion implantation of selected species and bonding to a
suitable substrate followed by exfoliation, termed “ion cut-
ting,” has improved dramatically since its invention1,2 due to
continued research in the effects of process parameters on
materials properties. Ion-cut fabrication is a desirable alter-
native in SOI technology because the end product is a layer
of single crystal silicon, which leads to more desirable elec-
trical characteristics such as increased carrier mobility, car-
rier lifetimes, and switching frequencies. Ion-cut fabrication
process parameters such as implant species, dose, beam en-
ergy, temperature, and lattice strain have all had profound
effects on the ion-cut process. As a result, what started as
research into lessening the effects of hydrogen in silicon has
now blossomed into finding ways to enhance those same
effects.3,4

Since the discovery that silicon layer transfer by ion im-
plantation is critically influenced by ion implant dose, beam
energy, and annealing at high temperatures, ion-cut research
has focused on tailoring those parameters in order to process
ion-cut fabricated samples faster, cheaper, and with reduced

implant-induced damage. Researchers have pursued mini-
mizing implant-induced damage because damage due to the
ion-implant step of fabrication serves to partially nullify the
benefits of the process. For the beam energies and doses
needed in ion-cut fabrication the implant-induced damage
results in a thin layer of amorphous silicon. Amorphous lay-
ers of silicon are common in other SOI process methods, but
undesirable in ion-cut processing because amorphous silicon
results in electrical properties that are less desirable than
those of single crystal silicon.5

In order to maximize the desirable effects of the ion-cut
process, research on ion-cut mechanisms began shortly after
discovery. Researchers found that the same implant-induced
damage which can lead to difficulties in desired electrical
behavior is actually integral to the ion-cut process.6–8 To im-
prove electrical characteristics, implant damage could then
be removed with repair anneals, selective etching, or flash
polishes.9 Investigation into the use of boron demonstrated a
decrease in damage associated with the hydrogen implant, at
the cost of high doses of boron.10 More recent work has
centered on alternative methods to ion implantation which
result in the same product, without large amounts of implant-
induced damage.11 The central theme in such investigations
is that implant-induced lattice damage is undesirable, and
unless polishing or etch techniques are used, mostly unavoid-
able.

This work centers on an alternative approach to dealing
with the ion implant-induced damage associated with ion-cuta�Electronic mail: alford@asu.edu
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fabrication. In this work the authors researched a process
technique which, by the nature of the physics involved,
served to enhance the ion-cut processing by the inclusion of
ion implant damage. This research involves microwave fre-
quency heating to initiate the exfoliation process in ion-cut
fabrication. Microwaves have been of increased interest for
both steady state and rapid thermal anneal processing due to
desirable side effects. Microwave heating has become a vi-
able alternative for thermal synthesis, sintering, and joining
of ceramic materials.12–14 In silicon, microwaves have been
used to activate solid state reactions.15,16

The attractive nature of microwave heating lies in the
volumetric heating that microwaves enable. With volumetric
heating with microwaves the power input needed for a given
temperature rise is less than other rapid thermal processing.17

In ion-cut fabricated samples the region of interest is within
the penetration depth of most microwave processing equip-
ment. Therefore less power is demanded in microwave heat-
ing of ion-cut samples than other techniques. This effect at-
tracted the authors to study the effects of microwave heating
of ion-cut fabricated materials.

EXPERIMENT

To fabricate the samples used in this work Czochralski
�CZ� grown, p-type boron doped, 1–13 � cm �100� orien-
tated silicon wafer pieces were cleaned using a Radio Cor-
poration of America �RCA� procedure. The cleaned silicon
was placed in a Varion/Extrion Division 200-DF4 ion im-
planter. Samples used for blistering experiments were im-
planted with �0–1��1015 cm−2, 147 keV B+ ions and
�4–6��1016 cm−2, 40 keV H+ ions at liquid nitrogen tem-
peratures. Samples used for layer transfer experiments were
implanted with �0–3��1015 cm−2, 175 keV B+ ions and
�4.5–5��1016 cm−2, 100 keV H2

+ ions at room temperature.
Because the H2

+ ions fragment at the surface, this implant
process is equal to the implantation of atomic hydrogen at
50 keV and a dose of 9�1016–1�1017 cm−2. Samples to be
used to realize blistering in microwaves were placed in a
2.45 GHz, cavity applicator microwave system where they
were processed for time durations of up to 30 min using
1300 W microwaves. Temperature profiles on the sample
surfaces were monitored using a Raytek Compact MID series
pyrometer.

For samples being used in coherent layer transfer, sepa-
rate nonimplanted silicon pieces were coated with a chemi-
cally grown oxide to a thickness of approximately 500 nm.
Both the implanted silicon and the nonimplanted silicon with
oxide layer were then RCA cleaned and placed in a Tegal
asher at 100 °C for plasma surface activation using a 300 W,
13.56 MHz, 140 cm3 min−1 oxygen rf plasma. After plasma
activation, de-ionized water rinsing, and spin drying, the wa-
fers were placed in surface-to-surface direct contact at room
temperature. The bonded pairs were subsequently annealed
in a mechanical furnace at 100 °C for 2 h to drive out any
residual water at the bond interface. After mechanical fur-
nace annealing, the implanted and bonded silicon samples
were placed in a 2.45 GHz, 1300 W cavity applicator micro-
wave system where they were processed for time durations

ranging from 12 to 180 s before layer transfer was visually
observed. Temperature profiles on the sample surfaces were
monitored using a Raytek Compact MID series pyrometer.
Figure 1 depicts the implant, surface activation, bonding, and
annealing steps used in the microwave cut fabrication pro-
cess.

Samples were physically and electrically characterized
after exfoliation. Samples not bonded to a stiffener were
physically characterized using optical and scanning electron
microscopy �SEM�. For optical imaging, a Zeiss Axiophot
microscope was employed. A HITACHI S-4700 SEM,
equipped with field emission gun and operating at a terminal
voltage of 15 kV, was used to examine blistered surface
morphology and blister depth.

The as-transferred SOI surface quality was physically
characterized using a Nanoscope IIIE atomic force micro-
scope �AFM� in tapping mode in order to determine the root
mean square �rms� surface roughness of the transferred lay-
ers. To determine transferred layer thickness and crystalline
quality samples were analyzed using Rutherford backscatter-
ing spectrometry �RBS� with a 2.0 MeV He++ analyzing
beam. The detector was positioned 13° from the incident
beam. RUMP

18 software was used to simulate layer thickness
from RBS data. To examine crystalline quality and determine
transferred layer thicknesses cross sectional transmission
electron microscopy �XTEM� was employed using a Philips
CM200-FEG TEM operating at a voltage of 200 kV. To elec-
trically characterize transferred layers, Hall effect measure-
ments were obtained using an EKG HEM 2000 in order to
quantify transferred layer resistivity, mobility, carrier type,
and carrier concentration.

To evaluate the effects of microwave annealing on the

FIG. 1. Schematic of the microwave enhanced ion-cut process: �a� boron
and/or hydrogen implant, �b� cleaning and surface activation, �c� bonding,
and �d� microwave exfoliation.
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electrical characteristics of transferred layers after radiation
repair, samples were annealed in a vacuum carousel furnace
with temperatures ranging from 500 to 800 °C, for time du-
rations between 2 and 4 h, at a pressure of 10−7 Torr. The
anneals were followed by more electrical measurements,
TEM, and RBS in order to characterize the repair of any
radiation damage that may have been created in the ion-cut
process.

RESULTS

Ion implanted samples were first microwave annealed
without bonding to substrates in order to provide proof of
concept for using microwaves as a viable alternative to tra-
ditional annealing in the ion-cut process. Optical imaging
determined if exfoliation of implanted samples occurred.
Blistering occurred in samples with hydrogen concentrations
greater than 4�1016 H+ cm−2. Using optical means exfoli-
ated blister depths could not be determined to a reasonable
level of certainty. Exfoliated surfaces were therefore exam-
ined using a SEM in cross section �XSEM�.

Figure 2 depicts an exfoliated surface, cleaved to allow
examination using a SEM in cross section. XSEM has
proven to be a viable technique for estimating ion-cut depths
for transferred layers without fabricating bonded samples.6,10

To examine an exfoliated blister in cross section the authors
cleaved a sample along a major crystallographic plane in a
highly exfoliated area and then examined the cleaved inter-
face for blistered areas in cross section. Part �a� of Fig. 2
highlights the exfoliated and cleaved surfaces while part �b�
demonstrates the cross section of the exfoliated surface in
part �a�. Using XSEM figures such as Fig. 2�b�, the average
blistered surface depth in samples measured using XSEM
was approximately 410 nm.

Figure 3 presents an example of the RBS spectra ob-
tained from samples fabricated using steps �a�–�d� outlined
in the ion-cut process of Fig. 1. The RBS spectra shown in
Fig. 3 include both random and �001� channeled orientations
of SOI samples. Spectra from both random and channeled
orientations demonstrate that the ion-cut process was suc-
cessful in using microwaves to initiate the exfoliation, and
coherent layer transfer, of single crystal silicon.19,20 Spec-
trum �c�, obtained from an “as-cut” sample in random orien-
tation, indicates the presence of a continuous layer of silicon
on top of the insulator, while also hinting at a mild surface
microroughness as is evident from the width of the low en-
ergy edge at channels 150–160.20

RUMP simulation of the
RBS spectra �c� determined the thickness of the transferred
layer to be 475 nm and that of the oxide layer 500 nm. Spec-
trum �b�, obtained from a �001� aligned sample of as-cut
SOI, shows a dramatic decrease in yield, indicating that the
transferred layers have kept most their crystallinity. The
width of the surface peak in the as-cut channeled spectrum
�b� indicates that the majority of the radiation damage was
concentrated at the top of the transferred layer. When com-
paring channeled spectrum �a�, obtained from an annealed
transferred layer, and channeled spectrum �b�, obtained from
the as-cut transferred layer, the spectra indicate that most of
the radiation damage was repaired upon further annealing of
the microwave initiated ion-cut samples. When viewing the
RUMP simulations of RBS spectra for the entire population of
cut samples involving the transfer of a coherent layer, the
transferred layer thicknesses ranged between 475 and
500 nm. These findings compare well with previous ion-cut
techniques.21–23

Figure 4 displays electron diffraction patterns and
XTEM images of a typical microwave cut sample. The im-
ages displayed in Fig. 4�a� demonstrate the as-cut transferred
layer quality, while Fig. 4�b� displays the quality of the mi-
crowave cut sample after several successive high tempera-
ture anneals. The anneals range 500–800 °C and were done

FIG. 2. Scanning electron micrograph of an exfoliated surface �a� at ap-
proximately 45° to the surface normal and �b� in cross section. The sample
pictured was implanted with 6�1016 H+ cm−2.

FIG. 3. RBS spectra from a thin layer of exfoliated silicon on insulator �a�
�001� channeled orientation after radiation repair, �b� �001� channeled ori-
entation “as cut,” and �c� random orientation as cut.
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to repair any residual radiation damage incurred during the
ion implantation of silicon, step �a� of Fig. 1. The XTEM
image shown in Fig. 4�a� shows the presence of a small
damage region near the surface of the transferred layer. Apart
from this band of damage, the transferred layer is high qual-
ity single crystal silicon. The electron diffraction pattern
shown in Fig. 4�a� is consistent with this result. The electron
diffraction pattern is virtually indistinguishable from the
electron diffraction pattern in Fig. 4�b�, a sample with addi-
tional annealing up to 800 °C. This finding reinforces the
observation made during RBS of the transferred layers in a
�001� channeling orientation, Fig. 3 spectrum �c�, that the
microwave cut fabrication process keeps most the crystallin-
ity of the silicon intact. This finding compares well with
ion-cut processes involving conventional annealing to acti-
vate exfoliation of silicon.21

The damage shown in Fig. 4�a� is consistent with radia-
tion damage from hydrogen and boron ions during the irra-
diation step of the microwave cut process, step �a� in Fig. 1.8

Prior to any anneals, the majority of the radiation damage is
present at the surface of the transferred layer, and the damage
band encompasses approximately 25%, or 125 nm of the to-
tal layer thickness. TRIM

24 calculations for the implants of the
sample in Fig. 4 yield straggle, or �Rp, values of approxi-
mately 100 nm for boron and 70 nm for hydrogen. For the
given concentrations and energies of hydrogen and boron
ions irradiating the sample, these results are consistent with
previous papers.9,20,22

As can be seen in Fig. 4�b�, after sequential anneals to
repair radiation damage there is no visible damage near the
surface of the transferred layer. The only visible damage ap-
pears near the bottom of the transferred layer. Note that in
Figs. 4�a� and 4�b�, the bottom of the transferred layer coin-
cides with the top of the implanted material shown in Fig. 1,
part �a�. The damage seen in Fig. 4�b� can be accounted for
as dislocation loops created during the sequential high tem-
perature anneals of the sample. Intrinsic dislocation loops are
created during postimplantation annealing, when shallow
level vacancies which accompany deep level interstitials
coagulate.25 While vacancies by themselves usually anneal
out of implanted silicon at temperatures around 550 °C, if

dislocation loops form they can be stable up to 800 °C.25 As
with RBS, the cut depth of samples analyzed using XTEM
ranged between 475 and 500 nm.

Figure 5 demonstrates the condition of the surface of a
typical transferred layer in this work. The sample in Fig. 5
was fabricated using steps �a�–�d� in Fig. 1. The rms rough-
ness of the sample as measured by AFM averaged 5.3 nm.
There was little difference between the rms of blistered
samples and that of samples including coherent layer trans-
fer. Depending on implantation parameters, incubation times,
and anneal temperatures, previously published microrough-
ness values vary between 3.4 and 10 nm over 1 �m sam-
pling distances.20,21,26

An established method of removing the lattice damage
created during the ion-cut process is through a radiation re-
pair treatment which consists of high temperature
anneals.9,20,26 Table I demonstrates the electrical behavior of
as-cut and postannealed transferred layers fabricated using
the ion-cut process shown in Fig. 1. Table I displays changes
in resistivity, dominant carrier species, carrier concentration,
and electronic mobility as a function of anneal temperature
and time for successive high temperature anneals of a repre-
sentative microwave-initiated exfoliated layer. Because pre-
vious research efforts used conventional annealing methods,
the radiation repair anneals in this work were done using
conventional means in order to attain higher temperatures

FIG. 4. Cross sectional transmission electron micrographs and selective area electron diffraction patterns of thin layers of silicon on insulator �a� “as cut” and
�b� after several radiation repair anneals.

FIG. 5. Atomic force micrograph demonstrating the surface quality of thin
layers of silicon on insulator in the “as-cut” state.
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and to have a common reference point.9,20,26 When viewing
the data in Table I, most noteworthy is the change in con-
ductivity type and the temperature of the anneals where this
change takes place. Previous researchers have also observed
this behavior, in which the surfaces of uncut samples start the
fabrication process as p type, and after the cut step in Fig.
1�d� sample surfaces become n type. Upon successive an-
neals the transferred layer surfaces returned to p type.9,20,26

Previous authors have proposed that the change in conduc-
tivity type upon exfoliation is due to the presence of hydro-
gen related shallow donors and hydrogen enhanced thermal
donors.3,9,20,27,28 Thermal donors can appear in hydrogen im-
planted materials when the implantation is followed by heat-
ing beyond 300 °C. Some of these thermal donors may be
related to interstitial oxygen clusters in CZ grown silicon and
become active in the presence of hydrogen at temperatures
between 300 and 500 °C.27,28 Although the implant tempera-
tures used in this work did not approach 300 °C, the micro-
wave exfoliation step of the ion-cut process �Fig. 1�d�� took
place at temperatures 375–450 °C. At temperatures above
450 °C thermal donors begin to dissociate and at higher tem-
peratures hydrogen diffuses out of silicon.3,27,28 As a result,
Table I demonstrates that p-type conductivity is regained af-
ter annealing the samples for 4 h at temperatures above
450 °C. Published values of p-type mobility in unetched
samples range 9–121 cm2/V s.22,23,26

In previous reports the carrier concentrations of samples
measured after anneals above 650 °C were significantly
lower ��1016–1017 cm−3� than the results attained here; un-
fortunately these papers did not have boron coimplants.9,20,26

The authors believe that the change in hole carrier concen-
tration is explained by electrical activation of some of the
coimplanted boron. The hole mobilities attained in this work
compare well with mobilities attained in single crystal sili-
con with the same carrier concentrations.29

DISCUSSION

Cut location in microwave enhanced ion-cut

A topic of interest in ion-cut fabrication is the ion-cut
location and how that location correlates to known implant
parameters. Knowledge of the implant parameters that deter-
mine the ion-cut location directly affects fabrication pro-
cesses involving ion-cut samples. For this work there was

interest in determining if a change in the ion-cut location
occurs due to the use of microwaves during the anneal pro-
cess. Although implanted ions in ion-cut processes become
atoms as soon as they contact the implanted sample, several
species within ion implanted silicon can react to the influ-
ence of a high frequency electric field. As a result, this work
investigates the ion-cut location and how the location corre-
lates with implant parameters when using microwave an-
neals, as opposed to conventional annealing.

How the cut location in ion-cut processes correlates with
implant parameters has been the focus of debate since the
inception of the ion-cut process. In the case of hydrogen
only, or coimplanted boron and hydrogen species, Hochbauer
et al. have asserted that the cut location correlates better with
the peak in the TRIM

18 simulated hydrogen radiation damage
profile and always coincides with the end-of-range damage,
which depends on the concentration of implant species
involved.19,23 Lee et al. reported an effect in the ion-cut lo-
cation due to the ion implant temperature, asserting that
thicker layer transfer results when hydrogen ions are im-
planted at room temperature, as opposed to liquid helium
temperatures.20

Table II summarizes pertinent implant parameters and
ion-cut locations for the samples used in this work. As can be
seen in Table II, three distinct exfoliation depths were seen in
this work, and all sample sets except set E have exfoliation
depths that do not coincide with the peak in the TRIM

18 simu-
lated radiation damage or range profiles. The change in ex-
foliation depths as a function of implant species, dose, and
temperature does agree with trends seen in previous ion-cut
studies.6–10,20,30

Figure 6 presents a more detailed picture of the observed
ion-cut locations for the transferred layers in this work and
the complicated nature of how that location correlates to im-
plant species, dose, and temperature. Figure 6�a� demon-
strates the TRIM

18 simulated damage and concentration pro-
files for a sample similar to the implant parameters of sample
set D in Table II, while Fig. 6�b� demonstrates damage and
concentration profiles for a sample matching the implant pa-
rameters of sample set E in Table II. Also shown in the figure
are the observed cut locations for processed samples.

As can be seen in Fig. 6�a� the implant damage induced
by implanting 1�1015 B cm−2 into silicon is dwarfed by the

TABLE I. Hall effect electrical measurements obtained from a silicon donor substrate and a silicon-on-insulator
transferred layer after microwave-initiated ion-cut exfoliation. The donor silicon was implanted with 9
�1016 H+ ions cm−2 at 50 keV and 2�1014 B+ ions cm−2 at 175 keV.

Category Description
Resistivity

�� cm� Type Concentration
Mobility

�cm2/V s�

SOI As exfoliated 3.83 n 5.49�1016 cm−3 69
Donor Si As exfoliated 3.88 n 1.3�1015 cm−2a 57

SOI 500 °C, 2 h 4.2 n 6.2�1016 cm−3 24
600 °C, 2 h 4 p 2.13�1017 cm−3 7
700 °C, 2 h 0.0447 p 1.56�1018 cm−3 89
700 °C, 4 h 0.0374 p 2.05�1018 cm−3 80
800 °C, 2 h 0.0230 p 3.32�1018 cm−3 82

aSheet charge is reported because the damage layer thickness was not known exactly. The layer thickness can be
estimated as 2Rp, which would be approximately 1000 nm for this sample.
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damage created in implanting 9�1016 H cm−2. Figure 6�a�
demonstrates that in room temperature implants when the
hydrogen-implant-induced damage exceeds the damage cre-
ated by the boron implant, the exfoliation depth does not
coincide with the peak in the hydrogen distribution. Höch-
bauer et al. have previously proposed that although implant-

induced damage determines exfoliation depth, the exfoliation
depths coincide with the end-of-range damage created during
implantation rather than the peak in the implant damage be-
cause the peak in implant-induced damage also contains a
large degree of fracture toughness.19 In terms of Fig. 6�a�, the
end-of-range damage created during the hydrogen implant
would lie to the right of the peak in the hydrogen damage
distribution. This location also coincides with the vertical
line denoting the observed exfoliation depth and seems to
support the assertion of Höchbauer et al. In TRIM

18 simulated
damage and range distributions for sample sets A and B in
Table II �not shown� the exfoliation depth also occurred
slightly deeper than the peak in radiation damage; but, be-
cause sample sets A and B were implanted at liquid nitrogen
temperatures the exfoliation depths were closer to the peak in
the implant damage than that shown in Fig. 6�a�.

For samples implanted with boron at doses of 3
�1015 cm−2 Fig. 6�b� shows that the boron-implant-induced
damage profile is higher than that for the hydrogen implant.
In these samples, the ion-cut location shifted to a shallower
location as compared to samples implanted with lower doses
of boron. The shift in the ion-cut depth cannot be explained
by implant temperature as sample sets D and E were both
implanted at room temperature.

The change in the cut location between Figs. 6�a� and
6�b� appears to be solely due to the boron concentration dif-
ferences. Previous research has shown that boron coimplants
reduce the as-implanted radiation damage within the im-
planted sample10,31 and that high boron concentrations pro-
mote self-diffusion and recrystallization rates in silicon.32 As
a result, high concentrations of boron promote fast recovery
of the implant-induced damage in ion implanted samples.
This fast recovery takes place throughout the damage region,
and if the boron implant concentration is high enough, can
lead to a shift in the peak of the radiation damage profile
compared to hydrogen only implants.10,32 Equation �1� dem-
onstrates the effect of the implant dose QI and the concen-
tration profile straggle �Rp on the as-implanted peak implant
species concentration Nm:

Nm =
Q1

�2��Rp
2

. �1�

TABLE II. Experimentally measured ion-cut depths, experimental implant parameters, and TRIM simulated
parameters for four sample sets used in microwave exfoliation.

Sample
identifier

Implant
temperature �K�

B+ implant dose
and energy

H+ implant dose
and energy

Hydrogen
Rp �nm�a

Hydrogen
Dp �nm�a

Cut depth
�nm�

A 66 ¯ 6�1016 cm−2

40 keV
400 360 410

B 66 1�1015 cm−2

147 keV
5�1016 cm2

40 keV
400 360 410

C 300 ¯ 1�1017 cm−2

50 keV
475 440 500

D 300 2�1014 cm−2

175 keV
9�1016 cm−2

50 keV
475 440 500

E 300 3�1015 cm−2

175 keV
9�1016 cm−2

50 keV
475 440 475

aThe hydrogen range and damage maxima were determined using TRIM computer code simulations.

FIG. 6. TRIM �Ref. 24� simulated damage and range distributions in ion-
implanted silicon showing �a� displaced silicon atoms for implants of 1
�1015 B+ cm−2 and 4.5�1016 H2

+ cm−2 and �b� displaced silicon atoms for
implants of 3�1015 B+ cm−2 and 4.5�1016 H2

+ cm−2.
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The calculated peak boron concentration for sample set
D in Table II is approximately 8�1018 cm−2. That of sample
set E in Table II is approximately 1.2�1020 cm−2. Therefore,
the samples implanted with the highest concentration of bo-
ron had a significant shift in the implantation damage due to
fast recovery, whereas the samples implanted with lower
concentrations of boron did not. Although sample set B in
Table II also has a high concentration of implanted boron,
sample set B was implanted at liquid nitrogen temperatures,
thus inhibiting self-diffusion and fast recovery.

The ion-cut locations realized in this work are in good
agreement with the work from previous authors using a
vacuum or mechanical furnace. As a result, we infer that
microwave initiation of the exfoliation process has not re-
sulted in any significant physical effects that might lead to
changing of the ion-cut exfoliation location.

Microwave heating of ion-cut materials

In contrast to traditional convective, conductive, and ra-
diative heating, in which a sample surface is heated, micro-
wave heating is characterized as being volumetric in nature.
Microwaves penetrate into a sample and effectively heat a
near surface volume simultaneously. How much microwave
power is absorbed and how deep the absorbance occurs de-
termine how effective microwaves are in heating a material.
Heating in a semiconductor material takes place as micro-
wave power is absorbed and transferred to heat through mi-
crowave loss mechanisms.17 The mechanisms of interest in
microwave heating of ion-cut fabricated samples are conduc-
tion and polarization.

Microwave conduction losses occur as a consequence of
electron drift, where free electrons in the extrinsic silicon
move in response to an applied electric field. Conduction
effects are commonly referred to as Ohmic effects. Micro-
wave polarization losses occur in extrinsic silicon due to
electric polarization, dipolar polarization �also referred to as
dipolar reorientation and dielectric relaxation�, and Maxwell-
Wagner or interfacial polarization. Electric polarization oc-
curs when electrons are displaced from their equilibrium po-
sitions around nuclei in response to an applied electric field.
Dipolar polarization occurs in extrinsic silicon as a conse-
quence of coupled defects such as vacancy-vacancy or
vacancy-interstitial pairs interacting with applied electric
fields.33 Maxwell-Wagner polarizations can manifest as an
accumulation of charge at the interface between two hetero-
geneous dielectric media such as silicon and silicon dioxide,
or extrinsic silicon and a highly resistive layer formed by ion
implantation.17

An important materials parameter that captures the effect
of conduction and polarization loss mechanisms in micro-
wave heating of extrinsic silicon is the loss factor ��. The
loss factor can be thought of as a materials parameter that
describes the difference between a real dielectric, in which
losses occur, and an ideal dielectric.

Traditionally, the complex permittivity includes the ef-
fect of conduction losses through the inclusion of the loss
factor; but, the loss factor can be augmented to include the
effect of polarization as well.17,33,34 When the loss factor in-

cludes the effects of both conduction and polarization it is
called an effective loss factor. The effective loss factor rep-
resenting all loss mechanisms in extrinsic silicon is shown as
follows:

�eff� ��� = �e���� + �d���� + �MW� ��� + �c���� , �2�

where � represents the angular frequency of the microwaves,
and the subscripts e, d, MW, and c correspond to the effec-
tive loss factor contributions from electric polarization, dipo-
lar polarization, Maxwell-Wagner polarization, and conduc-
tion. Both the power absorbed by extrinsic silicon and the
penetration depth depend on the effective loss factor as fol-
lows:

Pabs = ��0�eff� �E�2, �3�

Dp =
�0

2��2���1/2 ��1 + ��eff� /���2�1/2 − 1	−1/2. �4�

In Eq. �3� Pabs is on a per volume basis, �0 represents the
permittivity of free space, and E is the root mean square
internal electric field. In Eq. �4� �0 is the wavelength of the
penetrating microwaves, �eff� is the effective loss factor, and
�� is the real component of the complex permittivity. Dp is
the approximate depth to which e−1 or 36.8% of the imping-
ing microwave electric field penetrates the surface.

Previous researchers have approximated microwave pen-
etration into silicon using a characteristic skin depth calcu-
lated assuming only Ohmic losses in silicon:35

	s =� 


��f��0
, �5�

where 	s is the characteristic skin depth, 
 signifies the sili-
con resistivity in � cm, �f� the frequency of the microwaves,
and �0 the permeability of free space �4��10−9 H cm−1�.
Although Eq. �5� does not account for polarization losses, it
uses readily available data and can approximate Dp in Eq.
�4�. Using Eq. �5� as an approximation, the characteristic
skin depth at which 63% the incident microwave power pen-
etrates into the silicon samples used for this work ranged
0.03–0.3 cm. The wafers used to fabricate the ion-cut
samples in this work ranged in thickness from
0.04 to 0.05 cm and as one can see by viewing Fig. 1�c� the
ion-cut region of interest, where the exfoliation takes place,
corresponds to �0.04±5��10−7– �0.05±5��10−7 cm deep
from the surface of the bonded samples. Because at least
63% of the incident microwaves reach the ion-cut region of
interest we assert that during microwave heating the ion-cut
region is heated by microwave heating alone, i.e., no con-
duction or convection.

The power absorbed in microwaved materials is con-
verted to heat within the materials according to Eq. �6�.36 In
Eq. �6�, P represents the net absorbed power, m the mass of
silicon, Cp the specific heat of silicon, T the temperature of
silicon, and t the time.

P = mCp
�T

dt
. �6�
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Microwave enhancement in ion-cut fabrication

The ion-cut samples that were microwave processed for
this work saw a decrease in the required exfoliation times in
comparison with previously published values. Although the
times to exfoliate were reduced, the temperatures of the
samples at the time of the exfoliation were between 375 and
450 °C depending on process time, similar to other ion-cut
processes. This decrease in exfoliation time can be attributed,
in part, to the volumetric heating and penetration depth as-
sociated with microwave heating of extrinsic silicon. Equa-
tions �3� and �5� demonstrate that at any heating time greater
than time zero, the alternating electric field magnitude is
constant at the ion-cut region.

An important factor that may contribute to the reduced
exfoliation times of microwave-heated ion-cut samples is an
increase in the flux of vacancy point defects due to the elec-
tric fields present. Vacancies have been proposed as a mecha-
nism by which hydrogen platelets nucleate and grow in ion-
cut processing.37,38 In extrinsic silicon, vacancies have an
associated charge state.5 Charged species can be influenced
by electric fields. Work by Freeman et al. demonstrated in-
creased ionic currents in salt crystals during microwave ra-
diation due exclusively to the presence of microwave fields.
Freeman et al. attributed the increased ionic currents to an
increase in charged vacancy flux when under the influence of
microwave radiation.39 Similarly, charged vacancies should
be affected by microwave fields in silicon. In this way, the
electric fields created by microwave heating may serve to
enhance vacancy migration by increasing the net flux of va-
cancies to the nearest sink, the nucleated hydrogen platelets.

CONCLUSION

Microwave heating has been employed as an alternative
to conventional heating in the exfoliation of silicon and the
ion-cut process. RBS, XSEM, XTEM, selected area electron
diffraction �SAED�, Hall effect, and TRIM simulation have
shown that little physical difference exists between the end
product of microwave enhanced exfoliation and exfoliation
through conventional heating. For boron implant doses of 2
�1014–3�1015 cm−2 the cut location correlates well with
the hydrogen-implant-induced end-of-range damage.

Samples processed for this work saw a slight decrease in
exfoliation times. Equations are presented which explain mi-
crowave absorption by extrinsic silicon. Skin depth calcula-
tions demonstrate that microwave power penetrates silicon
down to the ion-cut region of interest. We believe that the
mechanism responsible for the decrease in exfoliation time
may include enhanced vacancy fluxes due to the presence of
electric fields. As a result, the implant-induced damage that
arises in silicon during ion-cut fabrication serves to decrease
processing times. This is a significant and beneficial side
effect of creating radiation damage in ion-cut samples.
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