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THREE DIMENSIONAL INTEGRATED 
CIRCUIT 

O 

CROSS - REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] The instant nonprovisional patent application 
claims priority to provisional application No . 62 / 460 , 653 , 
filed Feb . 17 , 2017 , and is a continuation in part of U . S . 
application Ser . No . 15 / 829 , 442 , filed Dec . 1 , 2017 which is 
a continuation in part of U . S . application Ser . No . 15 / 618 , 
048 , filed Jun . 8 , 2017 which is a continuation of U . S . Pat . 
No . 9 , 704 , 835 , which claims priority to each of the follow 
ing provisional applications : U . S . Provisional Patent Appli 
cation No . 62 / 101 , 954 , filed Jan . 9 , 2015 , and U . S . Provi 
sional Patent Application No . 62 / 120 , 265 , filed Feb . 24 , 
2015 . Each of these documents is incorporated in its entirety 
herein . 

BACKGROUND 
[ 0002 ] The present disclosure relates generally to the 
manufacture of integrated circuit devices . More particularly , 
the present disclosure provides a method and resulting 
devices for stacking and interconnecting three - dimensional 
devices using heterogeneous and non - uniform layers , such 
as fully fabricated integrated circuits . By way of example , 
the integrated circuits can include , among others , memory 
devices , processor devices , digital signal processing devices , 
application specific devices , controller devices , communi 
cation devices , and others . 
[ 0003 ] Semiconductor substrates in conventional chip 
stacks are typically thinned using a mechanical backgrinding 
process . Backgrinding imparts a high level of mechanical 
stress to the devices , and can result in substantial thickness 
variation . 
[ 0004 ] Excessive heat is an ongoing problem for semicon 
ductor devices . The heat problem is exacerbated when 
multiple device layers are stacked in a three - dimensional 
integrated circuit . 

of the first substrate . In some embodiments , the first sub 
strate has a thermal conductivity that is greater than 130 
W / m - K at a temperature of 25 degrees Celsius . The first 
substrate may include carbon , for example in embodiments 
in which the first substrate is a diamond or graphite material . 
[ 0008 ] After cleaving , the cleaved surface of the first 
substrate may be bonded to a second substrate having a 
circuit layer . In such an embodiment , the bond may be 
formed by an oxide layer deposited on a surface of the 
second substrate . When the range compensating layer is 
removed , a bond layer may be deposited on the first surface 
of the first substrate , and used to bond a third substrate 
comprising a circuit layer to the bonding layer on the first 
surface of the first substrate . The first , second and third 
substrates may be wafer scale substrates . 

[ 0009 ] In some embodiments , hydrogen ions are 
implanted through one or more circuit layer that includes 
high - K dielectric and conductive elements . In such embodi 
ments , ion implantation may damage the dielectric and 
conductive elements . The damage may be repaired by 
exposing the substrate to an atmosphere that includes a 
hydrogen gas and an inert gas at a temperature of from 350 
degrees Celsius to 500 degrees Celsius for at least one half 
hour to repair damage to the dielectric and conductive 
structures . 
[ 0010 ] In an embodiment , a method for forming a stacked 
semiconductor device includes implanting ions through 
dielectric and conductive structures of a first substrate to 
define a cleave plane in the first substrate , cleaving the first 
substrate at the cleave plane to obtain a cleaved layer 
including the dielectric and conductive structures , bonding 
at least one die to the first substrate , the at least one die 
having a smaller width than a width of the first substrate , 
depositing a planarization material over the at least one die , 
planarizing the planarization material to form a planarized 
upper surface over the at least one die , and stacking a third 
substrate on the planarized upper surface . 
[ 0011 ] The ions may be implanted at a temperature of 100 
degrees Celsius or less . In an embodiment the ions are 
implanted at room temperature . 
[ 0012 ] In some embodiments , a total thickness variation 
( TTV ) of material cleaved from the substrate is 4 % or less , 
2 % or less , or 1 % or less . The first , second and third 
substrates may be wafer scale substrates . Furthermore , after 
cleaving the first substrate , the first substrate may be 
annealed to repair damage to the dielectric and conductive 
structures caused by the ions . 

[ 0013 ] In an embodiment , an annealing process that 
repairs damage to the dielectric and conductive structures is 
performed at a temperature of 350 Celsius or greater in an 
environment that includes hydrogen gas . Conditions in a 
repair process should be sufficient to allow hydrogen to 
penetrate the device surface and bond to a molecule that was 
damaged by an implantation process . In one specific 
embodiment , the repair annealing is conducted at a tempera 
ture of 400 Celsius in an atmosphere that includes from 2 to 
5 percent hydrogen , with a remainder being one or more 
inert gas . In an embodiment , the repair annealing is con 
ducted for a period of time that is sufficient to allow the 
hydrogen gas to diffuse though circuit structures in a device , 
which may include an interconnect network of metal and 
low - dielectric constant dielectric material , and to occupy 

SUMMARY 
100051 Embodiments of the present disclosure relate to 
semiconductor devices including three - dimensional inte 
grated circuit ( 3DIC ) technologies . 
10006 . A method of forming a device includes providing a 
first substrate , depositing a thickness of range compensating 
material on a first surface of the first substrate , implanting 
ions into the first substrate , the ions traveling through the 
range compensating material to define a cleave profile in the 
first substrate , the cleave profile including at least one 
contour that corresponds to the thickness of absorber mate 
rial , removing the absorber material , and cleaving the first 
substrate at the cleave profile , thereby exposing the at least 
one contour . In an embodiment , the at least one contour is a 
coolant channel . The range compensating material may be a 
photoresist material . 
[ 0007 The method of forming a device may include , after 
cleaving the first substrate , coating exposed surfaces of the 
coolant channel with a coating layer . The coating material 
may be a material that prevents a chemical reaction between 
a coolant fluid and the first substrate material . For example , 
the coating material may be a nitride material or an oxide 
material . The thermal conductivity of the coating material 
may be higher than a thermal conductivity of a bulk material 
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passivating sites at damaged dielectric bonds . In an embodi 
ment , annealing is conducted at a temperature of 400 Celsius 
for one hour . 
[ 0014 ] An embodiment may include depositing a dielec 
tric material over the at least one die after bonding the at 
least one die to the first substrate and before bonding the 
third substrate over the at least one die . 
[ 0015 ] Before implanting the ions , a range compensating 
layer may be formed over the first substrate . 
10016 ) . After the first substrate is cleaved , the first sub 
strate may be bonded to a second substrate . In an embodi 
ment , the second substrate has second dielectric and con 
ductive structures , and the second substrate is formed by 
implanting ions through the second dielectric and conduc 
tive structures . The first , second and third substrates may be 
wafers . 
[ 0017 ] . A small die may be one of several types of devices , 
including an amplifier , a RF tuner , a radio tuner , a Light 
Emitting Diode , and an optical sensor . 
[ 0018 ] The plurality of conductive structures bay be a 
plurality of transistors with a respective plurality of conduc 
tive gates that are separated from respective channel regions 
by gate dielectrics . 
[ 0019 ] In an embodiment , a method of forming a three - 
dimensional integrated circuit includes providing a first 
semiconductor substrate with a first circuit layer including 
conductive metal and dielectric materials , implanting ions 
through the plurality of conductive metal and dielectric 
materials of the first circuit layer to create a first cleave plane 
in the first substrate , cleaving the first substrate at the first 
cleave plane , providing a second semiconductor substrate 
with a second circuit layer including conductive metal and 
dielectric materials , implanting ions through the conductive 
metal and dielectric materials of the second circuit layer to 
create a second cleave plane in the second substrate , cleav 
ing the second substrate at the second cleave plane , bonding 
the first substrate to the second substrate , stacking at least 
one die on the second substrate , the die having a width that 
is less than a width of the first plurality of circuit structures , 
depositing a planarization material over the at least one die , 
planarizing the planarization material to form a planarized 
upper surface over the at least one die , and stacking a third 
substrate on the planarized upper surface . 
[ 0020 ] In an embodiment , a method of forming a semi 
conductor device includes forming an ion range compensat 
ing layer over a surface of a first substrate , implanting ions 
through the ion range compensating layer and dielectric and 
conductive structures of the first substrate to define a cleave 
plane in the first substrate , cleaving the first substrate at the 
cleave plane to obtain a cleaved layer including the dielec 
tric and conductive structures , bonding at least one die to the 
first substrate , the at least one die having a smaller width 
than a width of the first substrate ; depositing a planarization 
material over the at least one die , planarizing the planariza 
tion material to form a planarized upper surface over the at 
least one die , and stacking a third substrate on the planarized 
upper surface . 
[ 0021 ] According to the present disclosure , techniques 
generally related to the manufacture of integrated circuit 
devices are provided . More particularly , the present disclo 
sure provides a method and resulting devices for stacking 
and interconnecting three - dimensional ( 3 - D ) devices using 
heterogeneous and non - uniform layers , such as fully fabri 
cated integrated circuits . By way of example , the integrated 

circuits can include , among others , memory devices , pro 
cessor devices , application specific devices , controller 
devices , communication devices , and others . 
[ 0022 ] A method comprises providing a first substrate 
having dielectric structures and conductive structures . Ions 
are implanted into the first substrate , the ions traveling 
through the dielectric structures and the conductive struc 
tures to define a cleave plane in the first substrate . The first 
substrate is cleaved at the cleave plane to obtain a cleaved 
layer having the dielectric structure and the conductive 
structures . The cleaved layer is used to form a three 
dimensional integrated circuit device having a plurality of 
stacked integrated circuit ( IC ) layers , the cleaved layer being 
one of the stacked IC layers . 
[ 0023 ] Three - dimensional stacking and interconnection of 
heterogeneous and non - uniform layers , such as fully fabri 
cated integrated circuits are provided . Techniques are 
included for a substantial reduction in inter - layer separation 
and increase in the available inter - layer connection density , 
leading to increased signal bandwidth and system function 
ality , compared to existing chip stacking methods using 
interposers and through - Silicon vias ( TSVs ) . The present 
techniques extend the use of high - energy proton implants for 
splitting and layer transfer developed for homogeneous 
materials , such as the fabrication of Silicon - on - Insulator 
( SOI ) wafers , with modifications appropriate for layer trans 
fer of heterogeneous layers and consideration for damage 
effects in device structures . 
[ 0024 ] In an example , the present disclosure provides 
techniques including a method for fabricating an integrated 
circuit . The method includes providing a semiconductor 
substrate comprising a surface region , a plurality of transis 
tor devices formed overlying the surface region , an inter 
layer interconnect region comprising a structured metal 
layer and a structured dielectric layer and an inter - layer 
connection overlying the plurality of transistor devices , and 
a dielectric material overlying the interconnection region to 
provide a bonding interface , although there can be varia 
tions . The method includes forming an unpatterned photo 
resist material overlying the bonding interface provided 
from the dielectric material . In an example , the unpatterned 
photoresist material is configured to shield one or more of 
the plurality of transistors from electromagnetic radiation in 
a wavelength range of below 400 nm and to selectively 
adjust a depth of a subsequent implanting process . The 
method subjects the unpatterned photoresist material to the 
implantation process to introduce a plurality of hydrogen 
particles through the unpatterned photoresist material to a 
selected depth to a cleave region underlying the surface 
region of the semiconductor substrate to define a transfer 
device between the cleave region and a surface of the 
dielectric material to form a thickness of a multi - layer of a 
plurality of interconnected conductive metal layers and 
insulating dielectric having a total metal thickness of 3 to 5 
microns or less . The method removes the unpatterned pho 
toresist material after the hydrogen implant step . The 
method bonds the surface of the dielectric material overlying 
the transfer device to a transfer substrate to temporarily bond 
the semiconductor substrate to the transfer substrate . 
[ 0025 ] In an example , the method subjects sufficient 
energy to a portion of the cleave region to remove an upper 
portion of the semiconductor substrate from a lower bulk 
substrate material , while using the transfer substrate to hold 
the upper portion of the semiconductor substrate such that 
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the upper portion comprises a hydrogen damaged region . 
The energy can be provided spatially or globally as 
described in U . S . Pat . No . 6 , 013 , 563 ( the ' 563 patent ) 
assigned to Silicon Genesis Corporation , claims priority to 
May 12 , 1997 , and lists Francois J . Henley and Dr . Nathan 
Cheung , as inventors , commonly assigned , and hereby 
incorporated by reference in its entirety . In an example , the 
method subjects the hydrogen damaged region overlying the 
transfer device to a smoothing process to remove a portion 
or all of the hydrogen damaged region and to form a 
backside surface . In an example , the method forms a thick - 
ness of dielectric material overlying the backside surface . 
[ 0026 ] In an example the backside surface is configured 
with one or more provisions for formation of an inter - layer 
conductive path linking to a bottom landing pad in the 
structured metal layer of the transfer device and a landing 
pad for a bonded conductive path to an adjacent device 
layers . 
[ 0027 ] In an example , the method further comprises 
depositing a dielectric layer to form a suitable bonding 
interface on the structured metal layer , the structured metal 
layer comprising a 5 to 10 microns thick conducting layer 
formed over a densely patterned metal interconnect multi 
layers for provision of a device power signal , a ground 
signal and a frequency synchronization signal , and the 
dielectric layer having a plurality of conductive paths 
through the dielectric layer on for bonding with inter - layer 
conductors in an upper , transfer device layer . 
[ 0028 ] In an example , the method further comprises align 
ing of the transfer device layer to the semiconductor sub 
strate to permanently bond the inter - layer conducting path . 
In an example , the method further comprises removing the 
temporary bonded semiconductor substrate from the transfer 
device . In an example , the method further comprises form 
ing an internal flow path to allow coolant to traverse there 
through to cool the transfer device . The inter - layer coolant 
channels may be formed by use of a patterned photo resist 
layer added over the unpatterned photoresist layer . The 
thickness and / or location of the patterned photo resist layer 
may be chosen to adjust the local penetration depth of the 
proton beam to form a non - planar cleave surface in the 
substrate containing the top surfaces of the coolant channels , 
with the bottom surface provided by the lower bond plane . 
[ 0029 ] In an example , the plurality of transistor devices 
are selected from at least one of CMOS devices , bipolar 
transistors , logic devices , memory devices , digital signal 
processing devices , analog devices , light absorbing and 
imaging devices , photo - voltaic cells or micro - electrical 
mechanical structures ( MEMS ) , or any combination thereof . 
[ 0030 ] In an example , the implantation process , proton 
energy ranges from 500 kilovolts to 2 MeV . In an example , 
the cleave region is positioned 1 to 10 microns from a top 
surface of the dielectric material . In an example , the unpat 
terned photoresist material is selected with high absorptivity 
of electromagnetic radiation with a wavelength less than 400 
nm . In an example , the semiconductor substrate comprises a 
silicon or other suitable material for formation of electrical , 
optical or electromechanical devices . 
[ 0031 ] In an example , the implantation process is provided 
at a dose ranging from 5E16 to 5E17 particles / centimeter . 
In an example , the implantation process is provided using a 
beam line implanter . In an example , the implantation process 
is provided by a linear accelerator ( LINAC ) or other varia 

[ 0032 ] In an example , the cleave region having a peak 
concentration at an edge of an implantation range . In an 
example , the cleave region comprises a plurality of hydro 
gen gas - filled micro - platelets . In an example , the cleave 
region is characterized by a stress sufficient to induce 
propagation of an approximately planar cleave region . In an 
example , the cleave region is configured as a uniform 
implantation region or a patterned implantation region . In an 
example , the cleave region is patterned or graded to facilitate 
a controlled cleaving action . 
( 0033 ] In an example , the method comprises forming a 
plurality of interconnect structures between the backside 
surface and either the plurality of transistors or the inter 
connect region . In an example , the method further comprises 
providing a second semiconductor substrate comprising a 
plurality of second transistor devices and an overlying 
second dielectric material ; and bonding the second dielectric 
material configured with the second semiconductor substrate 
to form a stacked semiconductor structure . In an example , 
the method further comprises forming a patterned photore 
sist material overlying the unpatterned photoresist material . 
[ 0034 ] In an example , the plurality of transistor devices 
and the interconnect region are characterized by a thickness 
of three microns and less ; wherein the implantation process 
is characterized by a range of five microns to ten microns 
such that a characteristic size of the plurality of transistor 
devices and the interconnect region does not influence the 
implantation process . In an example , the plurality of tran 
sistor devices and the interconnect region are characterized 
by a thickness of three microns and less ; wherein the 
implantation process is characterized by a range of five 
microns to ten microns such that a characteristic spatial 
dimension of the range of the implantation is not interfered 
by the thickness of the plurality of transistor devices and the 
interconnect region . In an example , the plurality of transistor 
devices is provided for a memory array or a logic array . 
[ 0035 ] In an example , the energy is selected from thermal , 
mechanical , chemical , electrical , or combinations thereof to 
provide a cleave inducing energy . In an example , the energy 
is provided to cause a controlled cleaving action including 
an initiation of cleaving and propagation of cleaving . In an 
example , the energy is provided to form a plurality of 
micro - platelet bubbles in the cleave region . A cleave surface 
may connect a network of the micro - platelet bubbles 
[ 0036 ] The present disclosure achieves these benefits and 
others in the context of known process technology . How 
ever , a further understanding of the nature and advantages of 
the present disclosure may be realized by reference to the 
latter portions of the specification and attached drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 
[ 0037 ] FIG . 1 is a schematic view of an embodiment of 
this disclosure . 
[ 0038 ] FIG . 2 illustrates a heterogeneous structure con 
taining a layer of transistor devices and an upper network of 
metal and low - dielectric constant materials , with provisions 
for inter - layer coolant channels provided by implantation 
through an additional , patterned photo resist layer in an 
example . 
[ 0039 FIGS . 2A - B are simplified cross - sectional views 
showing use of patterned oxide as an absorber . 
[ 0040 ] FIG . 3 is a schematic view of the transferred device 
layer viewed at the point of non - uniform surface cleaving 
after proton implants through patterned dual - layer photore tion . 
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sist ( PR ) layers , viewed after removal of the PR layers and 
attachment of a temporary - bonded transfer holder in an 
example . 
[ 0041 ] FIG . 4 sketches a to - be - transferred IC device at the 
point of the high - dose proton implant with a uniform PR 
layer in place over the device metal interconnect layers in an 
example . 
[ 0042 ] FIG . 5 is a simplified view of the transfer device 
layer after the proton implant , removal of the PR layer 
attachment of the temporary bonded transfer holder and 
completion of the wafer level cleaving process in an 
example . 
[ 0043 ] FIG . 6 shows the major steps applied to the bottom 
region of the transferred device layer comprising the for 
mation of an oxide layer suitable for bonding after removal 
of the implant damage layer and final adjustment of the 
device layer substrate layer thickness and formation of the 
dense array of inter - layer metal connections and bonding 
pads in an example . 
[ 0044 ] FIG . 7 shows the cleaved and prepared transferred 
device layer at the point of precision alignment with mating 
interconnect structures on the upper surface of a lower 
device layer in the developing 3D device stack in an 
example . 
[ 0045 ] FIG . 8 shows a completed intimate 3D stack of a 
transferred IC device bonded to a lower device layer , with 
aligned inter - level metal lines in place and bonded at landing 
pads along the oxide layer bond interface in an example . 
[ 0046 ] FIG . 9 shows a schematic example of two device 
layers stacked with thick metal interconnect layers in an 
example . 
[ 0047 ] FIG . 10 shows one example of a process flow for 
preparing a separable substrate according to an embodiment . 
[ 0048 ] FIG . 10A shows IC processing and / or thinning 
steps performed downstream of the process flow shown in 
FIG . 10 . 
[ 0049 ] FIG . 11 shows a simplified view of a general IC 
process flow according to an embodiment . 
[ 0050 ] FIGS . 12 - 15 show simplified processing flows 
according to various alternative embodiments . 
[ 0051 ] FIG . 16 is a simplified cross - sectional view show 
ing a patterned high - K layer in place , incorporating coolant 
channels . 
[ 0052 ] FIG . 17A is a simplified cross - sectional view 
showing an example of a detached , unsupported , device 
layer , under net compressive stress after its fabrication , on a 
thin substrate layer , deforming its thin substrate layer into a 
concave shape . 
10053 ] FIG . 17B is a simplified cross - sectional view of the 
effect of the addition of a stress - compensating layer to the 
backside of a thin substrate containing a stressed device 
layer on the top side . 
[ 0054 ] FIG . 18 is a simplified view of the bonding a 
high - purity , single crystalline transfer layer onto a chemi 
cally or mechanically “ weak ” separation layer on a sub 
strate . 
[ 0055 ] FIG . 19A shows a simplified cross - sectional view 
of high - energy , high dose proton implant to form a Hydro 
gen - rich layer placed several microns below the CMOS 
transistor layer . 
[ 0056 ] FIG . 19B is a simplified cross - sectional view of 
CMOS device layers after completion of the formation of 
final gate stack and metal interconnect structures , with a 

Hydrogen - rich layer formed by a high - energy , high - dose 
proton implant performed just prior to the “ replacement 
gate ” fabrication steps . 
[ 0057 ] FIG . 20 shows a simplified cross - sectional view of 
a “ top - to - top ” metal layer bonding of a transfer device layer 
and a lower device layer in a 3DIC stack . 
[ 0058 ] FIG . 21 illustrates a process for forming a 3DIC 
structure with different die sizes . 
[ 0059 ] FIG . 22 is a simplified cross - sectional view show 
ing an example of a lower device structure . 
[ 0060 ] FIG . 23 is a simplified cross - sectional view show 
ing an example of a stacked device structure . 
[ 0061 ] FIG . 24 is a simplified cross - sectional view show 
ing an example of smaller die size devices bonded on a 
3DIC . 
[ 0062 ] FIG . 25 is a simplified cross - sectional view show 
ing an example of materials deposited over smaller die size 
devices bonded on a 3DIC . 
[ 0063 ] FIG . 26 is a simplified cross - sectional view show 
ing an example of a 3DIC structure with different die sizes . 
[ 0064 ] FIG . 27 is a simplified cross - sectional view show 
ing another example of a 3DIC structure with different die 
sizes . 
[ 0065 ) FIG . 28 is a simplified cross - sectional view show 
ing an example of proton implantation . 
[ 0066 ] FIG . 29 is a simplified cross - sectional view show 
ing an example of proton implantation through a range 
compensating layer . 
[ 0067 ] FIG . 30 illustrates thermal conductivity of a silicon 
substrate at various phosphorus dopant concentrations and 
temperatures . 
[ 0068 ] FIG . 31 illustrates thermal conductivity of a silicon 
substrate at various boron dopant concentrations and tem 
peratures . 
100691 . FIG . 32 illustrates thermal conductivity according 
to temperature for 6H — SiC at various temperatures and 
dopant concentrations . 
[ 0070 ] FIG . 33 illustrates thermal conductivity of various 
carbon materials . 
10071 ] FIG . 34 illustrates a bonding step for a transfer 
layer . 
[ 0072 ] FIG . 35 illustrates forming a buried Hydrogen 
profile below a partially completed device layer . 
10073 ] FIG . 36 illustrates a complete device layer over the 
Hydrogen profile . 

DETAILED DESCRIPTION OF THE SPECIFIC 
EXAMPLES 

[ 0074 ] According to the present disclosure , techniques 
generally related to the manufacture of integrated circuit 
devices are provided . More particularly , the present disclo 
sure provides a method and resulting devices for stacking 
and interconnecting three - dimensional ( 3 - D ) devices using 
heterogeneous and non - uniform layers , such as fully fabri 
cated integrated circuits . By way of example , the integrated 
circuits can include , among others , memory devices , pro 
cessor devices , digital signal processing devices , application 
specific devices , controller devices , communication devices , 
and others . 
[ 0075 ] An embodiment builds and extends the capabilities 
of two large areas of technology , layer transfer methods for 
formation of bonded stacks of homogeneous layers , such as 
the formation of Silicon - on - Insulator ( SOI ) wafers and 
diverse methods in present use and development to form 3 - D 
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( 0086 ] A1 MeV proton beam is sufficient to perform 
H - cut implants through 8 Cu metal interconnect layers and 
a full - depth CMOS microprocessor unit ( MPU ) with ~ 10 um 
Si penetration . 
[ 0087 ] Such a 10 um depth in Si , for a 1 MeV proton beam 
through a model 8 - layer Cu interconnect array and con 
nected CMOS transistor layer , is more than adequate for 
separation of damage peak from CMOS device region . A 
figure of merit for the desired minimum separation below 
the CMOS transistor layer of the proton damage region and 
bond oxide surface of the transferred layer substrate layer is 
the depletion depth into the substrate material of a biased , 
powered on , bulk CMOS array , on the order of 1 micrometer 
for a 1 V supply voltage and a 10 Ohm - cm substrate 
material . CMOS transistor layers comprising bulk “ finFET ” 
and “ fully - depleted SOI ” devices can have somewhat thin 
ner substrate depletion thickness , depending on the device 
design and supply voltage . Relative precision ( straggling 
range ) of 1 MeV proton profiles is much sharper than 
standard SOI wafer fabrication implants ( at ~ 40 keV ) . 
[ 0088 ] It is further noted that H peak depth can be reduced 
by spin - on resist absorber layers . This aspect is further 
described in connection with FIGS . 1 - 9 discussed later 
below . 
100891 . FIG . 10 shows one example of a process flow 1000 
for preparing a separable substrate according to an embodi 
ment . Here , a donor substrate 1002 is subjected to cleave 
plane formation 1004 , e . g . , by the implantation of hydrogen 
ions . 

stacks of electrical devices through the use of complex 
interposer layers and sparse arrays of metal vias for inter 
device connections . 
[ 0076 ] An embodiment provides for methods of stacking 
and interconnection of diverse electrical and electro - me 
chanical layers with simplified bond and interconnect struc 
tures with physical scales that are a factor of 10 or more 
smaller than presently available interposer / TSV methods 
and providing for greatly increased number of inter - device 
electrical connection paths , resulting in greatly expanded 
data transfer bandwidth and 3 - D device functionality . The 
present disclosure also provides for protection of sensitive 
device layers from harmful ultraviolet radiation associated 
with the use of high - energy proton beam lines and for 
construction of inter - level networks of coolant flow channels 
for removal of heat from the volume of the functions 3 - D 
device stack . Further details of the present disclosure can be 
found throughout the present specification and more par 
ticularly below . 
10077 ] Embodiments may combine Silicon - On - Insulator 
( SOI ) wafer formation approaches utilizing techniques such 
as H - cut separation and plasma - activated bonding to achieve 
a room temperature transfer process , combined with Si 
separation utilizing MeV proton technology , to achieve 
full - CMOS 3D stacking . 
[ 0078 ] Such Layer - Transfer ( LT ) applied to 3D Wafer 
Scale Packaging ( WSP ) can allow substantial benefits due to 
its high parallel connectivity and ability to use different 
processes . Embedded RAM / Cache layers are a natural appli 
cation . 
[ 0079 ] Conventional WSP approaches may experience 
challenges in one or more of the various areas of : bonding , 
layer alignment , layer thinning , and layer strata intercon 
nect . For example , layer thinning to less than 10 um can 
desirably lead to vias with smaller aspect ratios . 
[ 0080 ] Use of plasma fusion bonding allows favorable 
alignment . And , embodiments as described herein may make 
layer alignment and interconnect practically achievable 
goals . 
[ 0081 ] Embodiments utilizing LT technology involving 
cold processing , allow processing of wafers with Interlayer 
Dielectric ( ILD ) / metal interconnects . The plasma - activated 
fusion bond confers bond strength , ultra - thin bond , no glue 
layers . As described below , fast thinning operation is pos 
sible , without necessarily requiring chemical mechanical 
polishing ( CMP ) , polishing , or grinding operations . 
[ 0082 ] Embodiments may be compatible with a variety of 
IC processes , including those used to fabricate complemen 
tary metal oxide semiconductor ( CMOS ) and Random 
Access Memory ( RAM ) devices , etc . 
[ 0083 ] The use of implantation at MeV energies allows 
thicker implantation through an entire device layer ( 10 um ) . 
Thus , a full CMOS device layer can be transferred instead 
of partial layers . 
[ 0084 ] Implant scanning techniques may be used . 
Examples can include obtaining channeling improvements 
through “ dithering ” . 
[ 0085 ] Utilization of MeV protons by embodiments for 
full CMOS stacking , may offer certain benefits . Embodi 
ments may allow avoidance of shadowing due to CMOS 
layers that include transistor , dielectric , and / or metal layer 
structures . 

[ 0090 ] Then , the donor substrate including the cleave 
plane is bonded to a handle substrate 1006 , e . g . by a 
plasma - activated bonding process 1008 . Next , the LT occurs 
by the performance of a room Temperature - Controlled 
Cleaving Process ( rT - CCPTM ) , such that a portion of the 
donor remains with the handle substrate . Alternatively , a 
portion of the donor may remain with a temporary carrier 
substrate if this layer is to be retransferred again to a 
permanent handle substrate ( e . g . , for back side illumination 
CMOS image sensors ) . 
[ 0091 ] The remaining portion of the donor substrate is 
reclaimed 1011 for further use . The handle including the 
transferred layer 1010 may be subjected to further process 
ing - e . g . , epitaxial ( EPI ) smoothing and thickening 1012 , to 
produce the separable substrate 1014 . 
[ 0092 ] FIG . 10A shows a simplified process flow 1050 
illustrating downstream steps performed upon the substrate 
provided by a substrate manufacturer of FIG . 10 . Those 
steps may comprise IC processing 1052 ( see , e . g . , FIG . 11 
below ) and / or thinning 1054 ( see , e . g . , FIGS . 12 - 15 below ) . 
[ 0093 ] Specifically , FIG . 11 shows a simplified view of a 
general IC process flow 1100 according to an embodiment . 
Here , the IC Maker received “ special wafer ” 1102 and 
processes IC layer “ n + 1 " 1104 without any modifications . 
( 0094 ] Then , the IC layer is bonded onto the Wafer Scale 
Processing ( WSP ) stack ( 1 to n ) 1106 . After bonding , the 
wafer 1102 can be released . 
[ 0095 ] Shown last in FIG . 11 is the performance of steps 
to such as interconnect processing , Chemical Mechanical 
Polishing ( CMP ) , etc . to finish a layer 1108 . This can be 
repeated for a layer “ n + 2 ” . 
[ 0096 ] At least four layer transfer ( LT ) packaging variants 
are possible . FIGS . 12 - 15 describe four options of LT for 
thinning 
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[ 0097 ] FIG . 12 shows an embodiment of LT after IC 
processing . The simplified process flow 1200 shown in this 
figure involves putting a cleave plane 1202 within the 
substrate 1203 , and then cleaving 1204 after IC processing 
1206 . It requires more intrusive post - IC process steps . 
[ 0098 ] FIG . 13 shows an embodiment utilizing cleave 
onto an etchable substrate . The simplified process flow 1300 
according to this embodiment allows the substrate 1302 to 
be more easily etched 1304 than SOI bond - grind back 
processes . 
[ 0099 ] In such embodiments , the etchable substrate may 
be thin . An electrostatic ( ES ) chuck can be used to help 
stiffen cleave and handle the thin substrate . Transparent 
substrates can help with layer alignment . 
[ 0100 ] FIG . 14 shows an embodiment of a process flow 
1400 where the substrate 1402 comprises a " thin " substrate 
attached to a releasable base substrate . The thin substrate can 
be utilized in the final 3D product . The releasable substrate 
is solely used for handling during the IC process . 
[ 0101 ] FIG . 15 shows a simplified process flow 1500 
according to another embodiment . Here , the silicon film 
1502 is mounted to a releasable substrate 1504 . The releas 
able substrate is solely used for handling during IC process 
1506 resulting in processed layer 1508 . An internal release 
layer is used after LT . The release layer is put within the 
bond plane . LT is used to release the processed Si - layer , 
followed by thickening if necessary . 
[ 0102 ] Certain features and benefits may accrue with one 
or more embodiments . For example , H - cut splitting and 
layer transfer techniques may be extended to beyond lami 
nation of uniform composition layers to enable wafer - scale 
stacking of heterogeneous and non - uniform individual lay 
ers , with the specific application of intimate stacking of 
fully - fabricated integrated circuits , including transistor lay 
ers and multi - layer interconnect networks . 
10103 ] Embodiments may achieve high data transfer band 
width with high - density inter - die interconnect with thin 
device stacking using “ intimate bonding ” with H - cut and 
layer transfer techniques . 
[ 0104 ] Embodiments may increase manufacturability and 
device yield by use of room to modest - temperature process 
throughout the stacking process . 
[ 0105 ] Some implementations may outline device layer 
lamination with H - cut and plasma - bonding operations ( us 
ing high - alignment accuracy bonding tools ) . 
[ 0106 ] Particular embodiments may utilize variations on 
front - back stack and front - front stack bonding , with corre 
sponding interconnect depths and locations . 
[ 0107 ] Some embodiments may thin total device layer 
elements ( no need for interposers ) , with decreases in RC 
losses even for high - density inter - device via connections . 
[ 0108 ] Various embodiments may lower stress via con 
nections with much reduced “ keep out ” area from Cu / Si 
stress . 
[ 0109 ] Certain embodiments may implement methods for 
post - splitting damage layer removal and substrate thickness 
reduction ( selective etching ) — appropriate for bonding and 
heat transfer requirements ( much less stringent than SOI 
wafer layer lamination ) . 
[ 0110 ] Certain additional factors of particular embodi 
ments are also now described . Some such factors may deal 
with non - uniform total Cu - interconnect thickness in various 
IC designs . 

[ 0111 ] For example , metrology can be used . A scan effect 
of non - uniform Cu density collects backscattered proton 
current from a large - angle collection electrode facing IC 
metal surface with a - 1x1 um ? aperture for MeV proton 
beam . A precision stage scanner for IC motion under aper 
ture maps out net Cu density by backscatter current . 
[ 0112 ] Design rules can be used to address non - unifor 
mity . These design rules may specify allowable variations in 
total Cu thickness across IC device areas . Note : limitation is 
on cleave plane roughness ( and ability of post - splitting 
damage removal process to recover a bondable surface ) . 
Wafer - level splitting can be achieved with large - area check 
erboard H distributions . 
[ 0113 ] A manufacturing process can be used to address 
non - uniformity . For example , a " dummy ” Cu layer material 
may be added at positions of low - Cu thickness , such as 
inter - layer metal via channels . 
[ 0114 ] Embodiments may set the cleave plane depth , not 
directly affected by proton energy or variation in total 
Cu - layer densities , by constructing IC devices over a high 
stress epi layer , such as a graded Si - Ge thin layer , to 
localize post - stopping H concentration along high - stress 
interfaces . The cleave plane will be set by the location of the 
high - concentration H distribution accumulated at the built in 
high - stress interface . 
[ 0115 ] Total proton dose and related risk of dielectric bond 
damage ( in low - k interconnect and high - k gate dielectrics ) 
from electronic stopping events may be reduced , by increas 
ing proton lattice damage accumulation ( via nuclear stop 
ping events ) by lowered wafer temperature during proton 
implantation . 
[ 0116 ] 1A . A method , comprising : 
[ 0117 ] providing a first substrate having dielectric struc 
tures and conductive structures ; 
[ 0118 ] implanting ions into the first substrate , the ions 
traveling through the dielectric structures and the conductive 
structures to define a cleave plane in the first substrate ; and 
101191 cleaving the first substrate at the cleave plane to 
obtain a cleaved layer having the dielectric structure and the 
conductive structures , 
10120 ] wherein the cleaved layer is used to form a three 
dimensional integrated circuit device having a plurality of 
stacked integrated circuit ( IC ) layers , the cleaved layer being 
one of the stacked IC layers . 
10121 ] The method of clause 1A , wherein the implantation 
is performed while keeping the first substrate at a tempera 
ture of 100 degrees Celsius or less . 
[ 0122 ] In one embodiment , the implantation is performed 
at room temperature . 
10123 ] The method of clause 1A , wherein the implantation 
energy is greater than 100 KeV and the ions are protons . 
[ 0124 ] The method of clause 3A , wherein the implantation 
energy is 300 KeV or greater . 
[ 0125 ] The method of clause 3A , wherein the implantation 
energy is 500 KeV or greater . 
[ 0126 ] The method of clause 3A , wherein the implantation 
energy is 1 MeV or greater . 
[ 0127 ] The method of clause 1A , wherein the dielectric 
structures and the conductive structures are formed on the 
first substrate by performing a plurality of processing steps 
on the first substrate . 
[ 0128 ] As mentioned above , certain embodiments may 
reduce H peak depth by spin - on resist absorber layers . This 
is now discussed below . 
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[ 0129 ] FIG . 1 is a schematic view of an embodiment at 
completion of a two - device 3D stacking process . The upper 
device layer , containing heterogeneous layers of transistors 
formed in semiconductor materials , usually Si , and a dense 
network of metal , usually Cu with various other metals for 
liners and vias , layers separated by low - dielectric constant 
electrical insulator materials , is separated from a semicon 
ductor wafer after formation processing by hydrogen 
implant and associated cleaving process . During proton 
implant , the transfer device structure is covered with a 
uniform photoresist layer of sufficient thickness and prop 
erties to protect the device layers from damaging exposure 
to ultra - violet radiation from recombination processes in the 
proton beam line plasma . For the case shown in FIG . 1 , the 
transferred device layer is also coated with a second pho 
toresist layer patterned to adjust the depth of the proton 
beam and the resulting cleave surface along the paths of a 
network of coolant flow channels designed to remove heat 
from the volume of the completed 3 - D device stack . Con 
ductive structures include transistor junctions in the sub 
strate and a metal interconnect network contacted to the 
transistor layer . 
[ 0130 ] After mounting of the upper device layer to a 
temporary bond handle waver , the cleaved lower surface of 
the transfer device is processed to remove implant damage 
in the region of the cleave surface and adjust the thickness 
of the transfer device substrate layer . Then a CVD oxide 
layer is deposited on the lower surface to provide an efficient 
bonding surface and to provide an electrically insulating and 
passivated surface for the coolant flow channels , if present . 
The lower device surface is then etched and filled with metal 
to form inter - level electrical connection to the transfer 
device interconnect layers , through a substrate and deposited 
oxide layer thickness of the order of 1 or more microns . The 
inter - level metal lines in upper transfer device layers are 
terminated with metal bond pads with bond surfaces at the 
same plane as the deposited oxide bonding layer . 
[ 0131 ] A similar deposited oxide is formed on the lower 
device top surface to provide efficient bonding , a network of 
vias are etched and filled with metal to provide electrical 
connections with the lower device interconnect layers . The 
lower metal lines are terminated by metal bond pads at the 
same plane as the lower deposited oxide surface . 
[ 0132 ] The two sets of metal bonding pads are aligned in 
a precision bonding apparatus and subjected to bond anneal 
processing , completing the 2 - level stack shown in FIG . 1 
( with coolant channels ) . 
[ 0133 ] FIG . 2 shows a view of patterned PR and device 
layer after layer transfer to lower device layer . In FIG . 2 , a 
heterogeneous structure containing a layer of transistor 
devices and an upper network of metal and low - dielectric 
constant materials providing interconnects for an integrated 
circuit ( IC ) is coated with a uniform photoresist ( PR ) layer , 
where the resist properties and thickness is chosen to pro 
vide adequate protection for sensitive IC layers and inter 
faces from exposure to ultra - violet ( wavelength less than 
400 nm ) radiation arising from recombination events in the 
proton accelerator beam line plasma . The thickness and 
stopping of the uniform PR layer is also chosen to adjust the 
range of the proton beam to a desired depth below the IC 
device transistor and depletion layers . 
[ 0134 ] In FIG . 2 , a second , patterned , PR layer is added 
over the uniform PR layer with the thickness and stopping 
of the second PR layer chosen to locally adjust the depth of 

the implanted proton distribution to provide a non - planar 
material splitting surface . When the transferred device layer 
is bonded to a lower device layer , after removal of the PR 
layers and temporary bonding to a holder layer , the non 
planar splitting surface provides a network path , reflecting 
the patterning of the upper PR layer , for flow of coolant in 
the finished IC device stack for removal of heat during 
device operation . 
[ 0135 ] Also shown in FIG . 2 are inter - level metal vias and 
bonding landing pads and oxide bonding interfaces which 
are added to the lower section of the upper transferred device 
layer before bonding to the lower device layers , described in 
more detail in later figures . 
[ 0136 ] Top absorber layers may be used to ( 1 ) locally 
control the depth of the peak of the proton damage profile in 
the transfer device substrate , thereby controlling the location 
of cleave surface at separation ; ( 2 ) define the lateral location 
and depth of coolant channels formed by the depth varia 
tions in the cleave surface ; and / or ( 3 ) provide a protective 
layer to absorb UV - radiation arising from electron capture 
and subsequent radiative processes by proton ions in the 
accelerator beam line . 
[ 0137 ] Certain embodiments of this process use an un 
patterned , cross - linked photo - resist ( PR ) layer with a second 
PR layer deposited above , lithographically exposed and 
developed to leave a patterned PR over layer . 
[ 0138 ] Other embodiments of this process may use CVD 
deposited dielectric films . In certain embodiments , an un 
patterned CVD oxide layer is deposited on the top surface of 
the metal interconnect network of the device layer to be 
transferred to the 3DIC stack . The thickness of this first 
CVD oxide layer may be chosen so that the combined 
stopping power effects of the CVD oxide , device metal 
interconnect network and the device substrate places the 
proton and damage peaks at the desired depth of the main 
cleave plane surface below the transfer device transistor 
layer . 
[ 0139 ] A CVD nitride layer is then deposited on the first 
CVD oxide layer to act as an etch stop to protect the 
underlying oxide layer during the etching of the top CVD 
oxide layer . 
[ 0140 ] Then a second CVD oxide layer is deposited on the 
nitride layer . The thickness of the top CVD oxide layer may 
be chosen to locally shift the location of the peak of incident 
proton beam to be shallower than the location of the main 
cleave surface by the desired height of coolant flow channels 
to be formed by the subsequent bonding of the transferred 
device layers to a planar bonding surface on the top of an 
underlying device layer in the 3DIC stack . 
[ 0141 ] APR layer may then be deposited on the top oxide , 
lithographically exposed and developed to leave a patterned 
PR over - layer . This patterned PR layer protects the top CVD 
oxide layer in the locations where the coolant channels will 
be formed during the subsequent oxide etch step , with the 
nitride layer protecting the lower oxide layer . 
10142 ] FIG . 2A is a simplified cross - sectional view of the 
transfer device layer at proton implant showing an un 
patterned top CVD layer with thicknesses chosen to shift the 
peak of the proton profile to be at a depth of the desired 
location of the cleave surface . A patterned second CVD 
oxide layer , with thickness chosen to shift the proton beam 
peak to the height of the ( optional ) coolant channels to be 
formed during the subsequent bonding step to the 3DIC 
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device stack . A CVD nitride layer deposited between the two 
oxide layers act as an etch stop for the top oxide patterning 
etch . 
[ 0143 ] FIG . 2B is a simplified view of upper layers of the 
transfer device after deposition of un - patterned CVD oxide 
and nitride layers , deposition of a top CVD oxide and PR 
layers . After lithographic exposure and development of the 
PR pattern , exposed top CVD layer material is etched off . 
The nitride layer protects to the lower CVD layer from etch 
removal . The PR layer is removed prior to proton implant . 
[ 0144 ] The use of CVD dielectric layers to form the top 
absorber layers may offer the manufacturing benefit of 
avoiding the process complications that accompany high 
energy implants through polymer PR films , such as out 
gassing of Hydrogen and other volatile materials due to the 
bond - breaking in the PR materials by collisions with the 
passing proton beam . 
[ 0145 ] The local control of the proton implant profile into 
the device and substrate layer through the use of patterned 
and un - patterned CVD top layers can be used to compensate 
for local variations pattern density and total layer thickness 
in metal interconnect networks both across complex chip die 
and for processing diverse chip designs on in - process , 
large - area wafers . This capability for local control on the 
proton profile depth and location of the cleave surface at 
separation enables the use of a constant energy proton beam 
for processing of diverse device types , improving in - line 
wafer manufacturing efficiency . 
[ 0146 ] FIG . 3 is a schematic view of the transferred device 
layer viewed at the point of non - uniform surface cleaving 
after proton implants through patterned dual - layer PR lay 
ers , viewed after removal of the PR layers and attachment of 
a temporary - bonded transfer holder . Following the non 
uniform surface splitting , the damaged material surrounding 
the cleave planes , containing H - filled platelets and adjacent 
lattice damage regions , is removed and additional bottom 
layer material is removed leaving the desired depth of 
substrate material containing the IC device transistor and 
depletion regions . 
[ 0147 ] In addition , the non - planar splitting surface is then 
treated with deposited oxide films to form passivated surface 
walls for coolant channels as well as formation of efficient 
bonding surfaces for attachment to adjacent device layers . 
The lower region of the transferred device layer is also 
processed to form inter - layer metal connection paths 
between the device layers , described in later figures and 
discussions . 
[ 0148 ] FIGS . 4 through 9 illustrate the 3D stacking pro 
cess for a generic set of IC layers using a uniform top PR 
layer , with no provisions for incorporated coolant channels , 
for simplicity . Further details of these drawings can be found 
throughout the present specification and more particularly 
below . 
[ 0149 ] FIG . 4 sketches a to - be - transferred IC device at the 
point of the high - dose proton implant , with a uniform PR 
layer in place over the device metal interconnect layers . The 
metal interconnect layers are typically a densely patterned , 
multi - layer structure , comprising 10 to 15 layers of Cu 
metal , for advanced logic devices , less for memory devices . 
The Cu metal layers and vias are electrically isolated by 
interleaved layers of low - dielectric constant insulating mate 
rials . The net Cu layer thickness is typically 3 microns or 
less in modern practice , without the 5 to 8 micron thick 
metal layers used for accurate distribution of device syn 

chronization , or “ clock ” , signals , power and ground . Provi 
sions for additional of thick metal interconnects are offered 
as part of the inter - level stacking process . 
[ 0150 ] The density , optical properties and thickness of PR 
are chosen to provide adequate protection of the underlying 
device layers from exposure to UV - wavelength recombina 
tion radiation from the proton accelerator beam line plasma 
and to adjust the depth of the proton peak and cleave plane 
below the transistor doping and depletion layers . 
[ 0151 ] A view of the transfer device layer after the proton 
implant , removal of the PR layer attachment of the tempo 
rary bonded transfer holder and completion of the wafer 
level cleaving process is shown in FIG . 5 . The cleaving 
action can be effected by local application of energy in the 
form of mechanical , chemical , laser or other thermal expo 
sure or global energy or any combination thereof . Cleaving 
can occur using any of the techniques disclosed in the ' 563 
patent , which had been incorporated by reference , a blister 
technique , or others . 
[ 0152 ] FIG . 6 shows the major steps applied to the bottom 
region of the transferred device layer which include removal 
of proton - damaged material in the immediate vicinity of the 
cleave plane as well as any additional material in order to 
obtain the desired transfer substrate thickness , formation by 
chemical vapor deposition ( CVD ) of a planar bonding 
interface and formation of inter - level metal lines connecting 
the transferred device metal interconnect network with 
lower bonding pads at the plane of the deposited bonding 
oxide interface . Inter - layer via formation is shown . 
[ 0153 ] FIG . 7 shows the cleaved and prepared transferred 
device layer at the point of precision alignment with mating 
interconnect structures on the upper surface of a lower 
device layer in the developing 3D device stack . An embodi 
ment exploits the capabilities of advanced alignment and 
bonding apparatus with wafer level alignment tolerances in 
the range of 150 nm for 300 mm wafers . Vias and via 
landing pads are shown . 
[ 0154 ] FIG . 8 shows a completed intimate 3D stack of a 
transferred IC device bonded to a lower device layer , with 
aligned inter - level metal lines in place and bonded at landing 
pads along the oxide layer bond interface . Also shown in 
FIG . 8 is a top deposited oxide layer with metal vias and 
landing pads at the bond interface level for subsequent 
stacking of an additional device layer on top of the present 
transferred device layer . 
[ 0155 ] For 3D stacking of large - area , high performance 
logic IC devices , accurate delivery of power , clock and 
signal pulses require low - resistance paths provided by sev 
eral micron thick metal lines . These metal layers are too 
thick to be implanted through with modest ( 1 or 2 MeV ) 
energy proton beams but can be provided for , where needed , 
as part of the inter - level processing post implant and cleav 
ing and before the stacking of subsequent device layers . 
FIG . 9 shows a schematic example of two device layers 
stacked with thick metal interconnect layers , the power 
device with the completed metal layers in place if it is the 
bottom device layer and the upper transferred device with 
the thick metal interconnects added after device transfer and 
permanent bonding and before the deposition of bonding 
oxide and formation of inter - level metal lines and bond 
landing pads . The dual device stack has incorporated thick 
metal clock & power distribution layers . 
( 0156 ] The discussion here is in terms of a stack of generic 
CMOS devices . A useful example is a stack of extended 
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memory elements connected to a data transfer layer for 
high - bandwidth signal processing and computation , such as 
memory stacks presently formed with the use of interposer 
layers and metal connection lines , known as Through 
Silicon vias ( TSVs ) , with length of the order of 30 to 50 
microns , over 10 times longer than the inter - level connec 
tions envisioned in an embodiment . 
10157 ] The utility of embodiments can be exploited to 
provide fabrication methods for intimate 3 - D stacks of 
diverse electrical and electro - mechanical devices incorpo 
rating heterogeneous device layers for sensing of visual 
images , chemical environments and diverse physical condi 
tions combined with stacked integrated circuits to provide 
signal processing , memory and data transmission in an 
integrated and robust 3 - D device . 
[ 0158 ] Although the above description is in terms of a 
silicon wafer , other substrates may also be used . For 
example , the substrate can be almost any monocrystalline , 
polycrystalline , or even amorphous type substrate . Addition 
ally , the substrate can be made of III / V materials such as 
gallium arsenide , gallium nitride ( GaN ) , and others . The 
multi - layered substrate can also be used according to an 
embodiment . The multi - layered substrate includes a silicon 
on - insulator substrate , a variety of sandwiched layers on a 
semiconductor substrate , and numerous other types of sub 
strates . One of ordinary skill in the art would easily recog 
nize a variety of alternatives , modifications , and variations . 
[ 0159 ] 1B . A method for fabricating an integrated circuit , 
the method comprising : 
10160 ) providing a semiconductor substrate comprising a 
surface region , a plurality of transistor devices formed 
overlying the surface region , an interlayer interconnect 
region comprising a structured metal layer and a structured 
dielectric layer and an inter - layer connection overlying the 
plurality of transistor devices , and a dielectric material 
overlying the interconnection region to provide a bonding 
interface ; 
[ 0161 ] forming an unpatterned photoresist material over 
lying the bonding interface provided from the dielectric 
material , the unpatterned photoresist material is configured 
to shield one or more of the plurality of transistors from 
electromagnetic radiation in a wavelength range of below 
400 nm and to selectively adjust a depth of a subsequent 
implanting process ; 
[ 0162 ] subjecting the unpatterned photoresist material to 
the implantation process to introduce a plurality of hydrogen 
particles through the unpatterned photoresist material to a 
selected depth to a cleave region underlying the surface 
region of the semiconductor substrate to define a transfer 
device between the cleave region and a surface of the 
dielectric material to form a thickness of a multi - layer of a 
plurality of interconnected conductive metal layers and 
insulating dielectric having a total metal thickness of 3 to 5 
microns or less ; 
[ 0163 ] removing the unpatterned photoresist material after 
the hydrogen implant step ; 
[ 0164 bonding the surface of the dielectric material over 
lying the transfer device to a transfer substrate to temporar 
ily bond the semiconductor substrate to the transfer sub 
strate ; 
[ 0165 ] subjecting sufficient energy to a portion of the 
cleave region to remove an upper portion of the semicon 
ductor substrate from a lower bulk substrate material , while 
using the transfer substrate to hold the upper portion of the 

semiconductor substrate such that the upper portion com 
prises a hydrogen damaged region ; 
[ 0166 ] subjecting the hydrogen damaged region overlying 
the transfer device to a smoothing process to remove a 
portion or all of the portion or all of the hydrogen damaged 
region and to form a backside surface ; and 
[ 0167 ] forming a thickness of dielectric material overlying 
the backside surface . 
[ 0168 ] 2B . The method of clause 1B wherein the backside 
surface is configured with one or more provisions for 
formation of an inter - layer conductive path to linking to a 
bottom landing pad in the structured metal layer of the 
transfer device and a landing pad for a bonded conductive 
path to an adjacent device layers . 
[ 0169 ] 3B . The method of clause 2B further comprising 
depositing a dielectric layer to form a suitable bonding 
interface on the structured metal layer , the structured metal 
layer comprising a 5 to 10 microns thick conducting layer 
formed over a densely patterned metal interconnect multi 
layers for provision of a device power signal , a ground 
signal and a frequency synchronization signal , and the 
dielectric layer having a plurality of conductive paths 
through the dielectric layer for bonding with inter - layer 
conductors in an upper , transfer device layer . 
[ 0170 ] 4B . The method of clause 3B further comprising 
aligning of the transfer device layer to the semiconductor 
substrate to permanently bond the inter - layer conducting 
path . 
[ 0171 ] 5B . The method of clause 4B further comprising 
removing the temporary bonded semiconductor substrate 
from the transfer device . 
[ 0172 ] 6B . The method of clause 5B further comprising 
forming an internal flow path to allow coolant to traverse 
there through to cool the transfer device . 
[ 0173 ] 7B . The method of clause 1B wherein the plurality 
of transistor devices are selected from at least one of CMOS 
devices , bipolar transistors , logic devices , memory devices , 
digital signal processing devices , analog devices , light 
absorbing and imaging devices , photo - voltaic cells or micro 
electrical mechanical structures ( MEMS ) , or any combina 
tion thereof . 
[ 0174 ] 8B . The method of clause 1B wherein implantation 
process ranges from 500 kilovolts to 2 MeV . 
[ 0175 ] 9B . The method of clause 1B wherein the cleave 
region is positioned 1 to 10 microns from a top surface of the 
dielectric material . 
[ 01761 10B . The method of clause 1B wherein the unpat 
terned photoresist material is selected with high absorptivity 
of electromagnetic radiation with a wavelength less than 400 
nm . 
[ 0177 ) 11B . The method of clause 1B wherein the semi 
conductor substrate comprises a silicon or other suitable 
material for formation of electrical , optical or electrome 
chanical devices . 
[ 0178 ] 12B . The method of clause 1B wherein the implan 
tation process is provided at a dose ranging from 5E16 to 
5E17 particles / centimeter - . 
[ 0179 ] 13B . The method of clause 1B wherein the implan 
tation process is provided using a beamline implanter . 
[ 0180 ] 14B . The method of clause 1B wherein the implan 
tation process is provided by a linear accelerator ( LINAC ) 
process . 
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[ 0181 ] 15B . The method of clause 1B wherein the cleave 
region having a peak concentration at an edge of an implan - 
tation range . 
[ 0182 ] 16B . The method of clause 1B wherein the cleave 
region comprises a plurality of hydrogen gas - filled micro 
platelets . 
10183 ] 17B . The method of clause 1B wherein the cleave 
region is characterized by a stress sufficient to induce 
propagation of an approximately planar cleave region . 
[ 01841 18B . The method of clause 1B further comprising 
forming a plurality of interconnect structures between the 
backside surface and either the plurality of transistors or the 
inter - connect region . 
[ 0185 ] 19B . The method of clause 1B further comprising 
providing a second semiconductor substrate comprising a 
plurality of second transistor devices and an overlying 
second dielectric material ; and bonding the second dielectric 
material configured with the second semiconductor substrate 
to form a stacked semiconductor structure . 
[ 0186 ] 20B . The method of clause 1B further comprising 
forming a patterned photoresist material overlying the 
unpatterned photoresist material . 
[ 0187 ] 21B . The method of clause 1B wherein the cleave 
region is configured as a uniform implantation region or a 
patterned implantation region . 
[ 0188 ] 22B . The method of clause 1B wherein the plural 
ity of transistor devices and the interconnect region are 
characterized by a thickness of three microns and less ; 
wherein the implantation process is characterized by a range 
of five microns to ten microns such that a characteristic size 
of the plurality of transistor devices and the interconnect 
region does not influence the implantation process . 
[ 0189 ] 23B . The method of clause 1B wherein the plural 
ity of transistor devices and the interconnect region are 
characterized by a thickness of three microns and less ; 
wherein the implantation process is characterized by a range 
of five microns to ten microns such that a characteristic 
spatial dimension of the range of the implantation is not 
interfered by the thickness of the plurality of transistor 
devices and the interconnect region . 
0190 24B . The method of clause 1B wherein energy is 
selected from thermal , mechanical , chemical , electrical , or 
combinations thereof to provide a cleave inducing energy . 
[ 0191 ] 25B . The method of clause 1B wherein the energy 
is provided to cause a controlled cleaving action including 
an initiation of cleaving and propagation of cleaving . 
[ 0192 ] 26B . The method of clause 1B wherein the energy 
is provided to form a plurality of micro - platelet bubbles in 
the cleave region . 
[ 0193 ] 27B . The method of clause 1B wherein the plural 
ity of transistor devices is provided for a memory array or a 
logic array 
[ 0194 ] 28B . The method of clause 1B wherein the cleave 
region is patterned or graded to facilitate a controlled 
cleaving action . 
[ 0195 ] 29B . A method for fabricating an integrated circuit , 
the method comprising : 
[ 0196 ] providing a semiconductor substrate comprising a 
surface region , a plurality of transistor devices formed 
overlying the surface region , an interlayer interconnect 
region comprising a structured metal layer and a structured 
dielectric layer and an inter - layer connection overlying the 

plurality of transistor devices , and a dielectric material 
overlying the interconnection region to provide a bonding 
interface ; 
[ 0197 ] forming an absorber material overlying the bond 
ing interface provided from the dielectric material , the 
absorber material configured to shield one or more of the 
plurality of transistors from electromagnetic radiation in a 
wavelength range of below 400 nm and to selectively adjust 
a depth of a subsequent implanting process ; 
[ 0198 ] subjecting the absorber material to the implantation 
process to introduce a plurality of hydrogen particles 
through the absorber material to a selected depth to a cleave 
region underlying the surface region of the semiconductor 
substrate to define a transfer device between the cleave 
region and a surface of the dielectric material to form a 
thickness of a multi - layer of a plurality of interconnected 
conductive metal layers and insulating dielectric having a 
total metal thickness of 3 to 5 microns or less ; 
[ 01991 removing the absorber material after the hydrogen 
implant step ; 
[ 0200 ] bonding the surface of the dielectric material over 
lving the transfer device to a transfer substrate to temporar 
ily bond the semiconductor substrate to the transfer sub 
strate ; 
[ 0201 ] subjecting sufficient energy to a portion of the 
cleave region to remove an upper portion of the semicon 
ductor substrate from a lower bulk substrate material , while 
using the transfer substrate to hold the upper portion of the 
semiconductor substrate such that the upper portion com 
prises a hydrogen damaged region ; 
[ 0202 ] subjecting the hydrogen damaged region overlying 
the transfer device to a smoothing process to remove a 
portion or all of the portion or all of the hydrogen damaged 
region and to form a backside surface ; and 
[ 0203 ] forming a thickness of dielectric material overlying 
the backside surface . 
[ 0204 ] 30B . The method of clause 29B wherein the 
absorber material comprises photoresist . 
[ 02051 31B . The method of clause 29B wherein the 
absorber material comprises oxide . 
[ 0206 ] 32B . The method of clause 31B wherein the oxide 
comprises CVD silicon oxide . 
[ 0207 ] 33B . The method of clause 29B wherein the 
absorber material comprises a patterned layer over an unpat 
terned layer . 
10208 ) 34B . The method of clause 33B wherein a thick 
ness of the unpatterned layer shifts a peak of the proton 
profile to be at a depth of the desired location of a cleave 
surface , and a thickness of the patterned layer shifts the peak 
to a height of a coolant channels to be formed . 
[ 0209 ] 35B . The method of clause 29B wherein the 
absorber material comprises nitride . 
[ 0210 ) Generally , high - performance logic devices gener 
ate heat in regions of high switching activity in the logic 
core . These sources of switching heating are well known 
design concerns in complex system on a chip ( SOC ) and 
central processing unit ( CPU ) devices . The retention of data 
in memory devices is generally degraded with increasing 
temperature , so the integrated stacking of logic and memory 
layers is challenged by these thermal concerns . Thermal 
controls become more important as the density and diversity 
of the 3D device stack increases . 
[ 0211 ] While beneficial for thermal bonding efficiency , 
use of oxide layers in the bonding stack may be limited as 
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a heat transfer layer by the relatively low thermal conduc - 
tivity of SiO2 . The use of higher thermal conductivity , 
electrically insulating materials as inter - layer structures can 
increase the heat transfer from local device thermal source 
regions . 
[ 0212 ] Accordingly , in certain embodiments it may be 
desirable to add structured high - thermal conductivity layers 
between heat generating device layers , in order to facilitate 
thermal spreading and removal of heat from the device 
stack . Specifically , using high - energy proton implantation , 
low - thermal budget layer cleaving and transfer bonding , 
may facilitate heat spreading from local device structure 
“ hot spots ” and efficiently remove device thermal energy 
through the use of local coolant flows . 
[ 0213 ] Proton cleaving and layer transfer methods , com 
bined with the patterned cleave regions formed by use of a 
patterned top layer of photo - resist ( or oxide as discussed 
below ) at the proton implant step , bonded to a planar device 
surface to form inter - layer channels for stack coolant flows , 
and the use of inter - layer structures with high - thermal con 
ductivity ( and low electrical conductivity ) , provide flexible 
design elements for controlling the thermal environment in 
a complex 3D device stack . 
[ 0214 ] Comparing the thermal conductivity of a variety of 
common semiconductor materials indicates a variety of 
materials with substantially higher thermal conductivity 
than SiO2 , with SiC and A1203 ( sapphire ) comprising can 
didates for this purpose . Other high thermal conductivity 
materials may also be used for the purpose enhancing heat 
spreading and transport by factors of ~ 10 to ~ 100 , compared 
to equivalent Sio , layers . 
[ 0215 ] The following Table 1 lists thermal conductivity ( in 
W / m - K ) of several common semiconductor and insulator 
films : 

( 0224 ] 3C . An apparatus of clause 1C wherein the high 
thermal conductivity material exhibits a thermal conductiv 
ity greater than 1 . 3 ( W / m - K ) . 
[ 0225 ] 4C . An apparatus of clause 1C wherein the first 
integrated circuit is formed by proton implant into the first 
metal interconnect layer followed by cleaving . 
[ 0226 ] Integrated circuit devices , containing diverse lay 
ers of semiconductor , dielectric and metal materials , may 
develop substantial internal stresses during fabrication . 
Unaddressed , these stresses may be sufficiently high to warp 
full thickness Si wafers , with thickness greater than 700 
micrometers , into a variety of concave , convex , and com 
plex " potato chip ” shapes . These deformations may be 
sufficiently large to create issues in fine - line lithography 
optics during device fabrication . 
[ 0227 ] If a stress - containing device layer on a detached 
thin ( e . g . , several micrometers ) substrate were placed in an 
unsupported fashion on a planar surface , the stress - induced 
deformation of a wafer - scale combination could pose a 
challenge for bonding to a planar substrate surface . Because 
of these effects , thin device layers may be attached to stiff 
bonding structures , capable of maintaining a planar bond 
interface with the stressed layer attached , before they are 
detached from their initial substrate wafers . 
[ 0228 ] FIG . 17A shows a simplified view of an example of 
a detached , unsupported , device layer , under net compres 
sive stress after its fabrication , on a thin substrate layer , 
deforming its thin substrate layer into a concave shape . 
Actual device layer deformations can be in concave , convex , 
and complex " potato chip ” shapes . These deformations can 
lead to challenges when bonding to a planar surface as well 
as to bond failures and device degradation due to excess 
local stresses during subsequent thermal cycles during addi 
tional fabrication steps and during device operation . 
[ 0229 ] Even with the use of a stiff temporary bond holder 
to form a stress - containing layer into a planar form suitable 
for bonding , un - compensated stresses in a complex bonded 
stack can lead to bond failures and IC device degradation 
from thermal stress during subsequent fabrication steps and 
during device operation . 
[ 0230 ] Accordingly , embodiments may provide for the 
addition of stress - compensating layer ( s ) to the back side of 
stressed device thin transfer layers to facilitate a bonding 
process , including improved inter - layer device and bond pad 
alignment , and to compensate for deleterious effects of 
subsequent fabrication and device operation thermal cycles . 
U . S . Pat . No . 7 , 772 , 088 is hereby incorporated by reference 
for all purposes . 
[ 0231 ] The backside stress compensation materials can be 
chosen of materials with complementary thermal expansion 
properties to the device layer and with thickness sufficient to 
offset the distortion effect of the device structure internal 
stress 
[ 0232 ] FIG . 17B is a simplified cross - sectional view 
showing the effect of the addition of a stress - compensating 
layer to the backside of a thin substrate containing a stressed 
device layer on the top side . The role of the stress - compen 
sating backside layers is to ( 1 ) facilitate bonding to a planar 
bond surface , ( 2 ) improve bond pad alignment accuracy 
during wafer - level bonding , and / or ( 3 ) counteract the effects 
of differential thermal stress during subsequent fabrication 
steps and during device stack operation . 
10233 ] The stress compensating layers can be formed by 
direct layer transfer to the transfer device layer backside 

Si : 130 ( W / m - K ) 

SiO2 : 1 . 3 ( W / m - K ) 
SiC : 120 ( W / m - K ) 

Ge : 58 ( W / m - K ) 

GaAs : 52 ( W / m - K ) 
[ 0216 ] A1203 : 30 ( W / m - K ) 
[ 0217 ] Inter - layer thermal spreading layer thickness of 
~ 0 . 5 to 2 um , may be expected for efficient heat flows . 
[ 0218 ] FIG . 16 shows a simplified cross - sectional view 
including a high - K layer in place , incorporating coolant 
channels . 
[ 0219 ] 1C . An apparatus comprising : 
[ 0220 ] a first integrated circuit including a first metal 
interconnect layer ; 
[ 0221 ] a second integrated circuit including a second 
metal interconnect layer ; and 
[ 0222 ] an inter - layer structure including a high - thermal 
conductivity , low electrical conductivity material and 
bonded to the first metal interconnect layer by a CVD oxide 
bond layer . 
[ 0223 ] 2C . An apparatus of clause 1C wherein the inter 
layer structure further comprises inter - layer channels for 
stack coolant flows . 
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while the transfer device layer is attached to temporary 
bonding structure . In some cases , a stress compensating 
layer can be deposited by CVD or other approaches . 
[ 0234 ] Note that the planar , stress compensated , transfer 
layer can provide a desirable geometry for achieving a high 
degree of bond pad alignment during wafer level bonding , 
which is one consideration for successful wafer - level bond 
ing for 3DIC manufacturing . 
[ 0235 ] Embodiments may employ single crystal layer 
transfer onto chemical or mechanically “ weak ” separation 
layers . In particular , it may be desirable to allow attaching a 
high - purity , single crystalline material layer onto a tempo 
rary holding layer that is sufficiently robust to survive the 
thermal , chemical and mechanical stresses of IC or other 
device fabrication processes , but is “ weak ” enough to form 
a separation path under directed chemical or mechanical 
action . 
[ 0236 ] Examples of these weak temporary separation lay 
ers can include but are not limited to ( 1 ) oxide layers formed 
by thermal growth , CVD deposition or by direct implanta 
tion and subsequent thermal processing , that can form a 
separation path under an overlying layer by chemical action 
of a selective etchant , such as HF attack on an underlying 
SiO2 layer , and ( 2 ) various forms of poly - crystalline or 
porous forms of the general substrate material that are 
susceptible to form a separation path under selected chemi 
cal or mechanical attack . Forms of directed mechanical 
attack can include but are not limited to , ( 1 ) stress - assisted 
crack formation initiated by a laterally directed force on a 
separating wedge - shaped tool , and ( 2 ) kinetic attack by 
laterally directed fluid jets into a mechanically weak layer , 
such as a porous substrate material region . 
[ 0237 ] Some forms of chemically or mechanically weak 
separation layers may lack the high - level crystalline inter 
face required for epitaxial growth of high - purity and high 
quality crystalline upper layers useful for fabrication of high 
performance semiconductor devices . 
[ 0238 ] Employing high - energy proton implants to form 
Hydrogen - rich layers for mechanical , room - temperature 
separation along well - defined cleave surfaces , embodiments 
can be used to separate and bond entire device structures , 
including a fully - formed transistor layers and multi - level 
metal interconnect networks onto suitably chosen temporary 
separation layers for later fabrication and device integration 
processing . This may be followed by subsequent separation 
from the carrier substrate . 
[ 0239 ] The methods and apparatuses according to embodi 
ments can also be used to separate and bond uniform , 
high - purity and crystalline layers to be formed into electri - 
cal , mechanical or optical devices followed by subsequent 
separation from the carrier substrate . 
[ 0240 ] FIG . 18 is a simplified view of the bonding a 
high - purity , single crystalline transfer layer onto a chemi 
cally or mechanically " weak ” separation layer on a sub 
strate . The upper crystalline transfer layer is formed to the 
desired thickness by the use of high - energy proton implan 
tation and room - temperature separation along the peak of 
the proton distribution . The upper transfer layer can be a 
uniform crystalline layer or including a combination of IC , 
mechanical or optical devices and their corresponding metal 
interconnect networks . 
[ 0241 ] Embodiments may also provide proton implants 
useful for separation and layer transfer stacking of highly - 
sensitive CMOS device structures . As previously men 

tioned , embodiments utilize high - energy proton implants to 
form a Hydrogen - rich cleave surface several microns below 
the combined thickness and stopping power effects of a 
combination of top layers of photo - resist or CVD dielectrics , 
and a multi - layer metal interconnect network and transistor 
layers . 
0242 ] Radiation damage effects arising from the passage 
of a high - dose , high - energy proton beam through the metal 
interconnect and transistor layers , may be at manageable 
levels recoverable by standard annealing cycles at modest 
temperatures . Moreover , where specific radiation damage 
effects are of particular concern , embodiments can include 
an implementation that bypasses concerns for radiation 
damage effects in device dielectric layers . 
[ 0243 ] One issue relating to possible radiation damage 
during high - dose , high - energy proton implants into CMOS 
device layers and their associated metal interconnect net 
work layers , is bond - breaking effects in various dielectric 
layers . This can be due to electronic stopping events from 
the passage of the energetic proton beam or from UV 
radiation from ion - electron relaxation following recombina 
tion event in the accelerator beam line . 
[ 0244 ] When the high - dose , high - energy proton implan 
tation is performed at specific points during the CMOS 
device fabrication process , radiation effects from the proton 
beam can be substantially avoided . One point in the CMOS 
process can be identified as occurring after the high tem 
perature ( e . g . , greater than 500° C . ) processes associated 
with activation of dopants in CMOS junctions are com 
pleted , and before the deposition of sensitive gate stack 
oxides and subsequent incorporation of inter - layer dielec 
trics in the metal interconnect network . 
[ 0245 ] At such a point in the CMOS fabrication process , 
the principal material in the device wafer is crystalline 
silicon in doped junctions , with poly - silicon filled lateral 
isolation regions , and the substrate wafer . The only substan 
tial , long - term radiation damage effects in predominantly 
silicon material are associated with lattice damage arising 
from the nuclear stopping components of the proton slowing 
down process . 
[ 0246 ] Lattice damage events for a high - energy proton 
beam may be localized near the peak of the proton profile . 
According to embodiments , that peak may be placed several 
microns below the CMOS junctions in the transistor layer 
and provide key hydrogen - trapping sites for localization of 
the cleave surface during layer separation . The several 
micron separation between the CMOS transistor layer and 
its associated carrier depletion layers and the proton - induced 
lattice damage in the region of the subsequent layer sepa 
ration , may be sufficient to avoid risk for deleterious device 
effects from the proton lattice damage layer . 
[ 0247 ] In many advanced CMOS devices , the gate stack 
regions are initially defined by temporary films and struc 
tures which are “ replaced ” , after completion of the high 
temperature thermal cycles , by final device structures incor 
porating high - dielectric constant ( “ high - k ” ) gate oxides and 
multi - layer metal gate electrodes . Following the “ replace 
ment gate ” fabrication cycles , the material properties of the 
final gate and inter - metal layer ( " low - k ” ) dielectrics limit 
allowable thermal cycles for the final CMOS device fabri 
cation process to be less than 500° C . 
[ 0248 ] A high - dose proton implant performed at the point 
just before the “ replacement gate ” fabrication , would avoid 
risk of damage to the final device gate and inter - metal layer 
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dielectrics and would not be exposed to 500° C . or higher 
thermal cycles , that could lead to spontaneous layer sepa 
ration prior to the desired non - thermal separation process at 
layer separation after the fabrication of the transfer device 
layers is completed . 
[ 0249 ] FIG . 19A shows a simplified cross - sectional view 
of high - energy , high dose proton implant to form a Hydro 
gen - rich layer placed several microns below the CMOS 
transistor layer . This is performed after completion of > 500° 
C . anneals associated with dopant activation in the transistor 
junctions and before fabrication of “ replacement gates ” 
including final device gate dielectrics and metal gate elec 
trodes 
[ 0250 ] FIG . 19B is a simplified cross - sectional view of 
CMOS device layers after completion of the formation of 
final gate stack and metal interconnect structures , with a 
Hydrogen - rich layer formed by a high - energy , high - dose 
proton implant performed just prior to the " replacement 
gate ” fabrication steps . The materials properties of the final 
gate and inter - metal layer dielectrics limit the fabrication 
process temperatures to be below 500° C . , which also avoids 
conditions leading to spontaneous splitting along the Hydro 
gen - rich region prior to the desired separation , by non 
thermal approaches , after completion of the full device 
structure . 
[ 0251 ] Utilization of methods and apparatuses according 
to embodiments may permit modulation of inter - layer band 
width by stacking order and inter - layer thickness . Specifi 
cally , a principal goal of 3DIC stacking is to provide an 
alternative path for increasing the bandwidth for signal 
processing communications between devices . 
[ 0252 ] Bandwidth is the product of the data signal fre 
quency , often approximated by the CPU clock frequency , 
and the number of external communication channels . For 
much of its history , IC development has focused on increas 
ing the CPU and other data processing chip cycle frequen 
cies , possibly at the cost of increasing chip power use . The 
number of communication channels has been limited by the 
density of bond pads available along the periphery of a 
planar device . 
[ 0253 ] The development of 3DIC stacking methods has 
increased the possible number of vertical channels , mea 
sured by the density inter - layer communication lines . This 
density of inter - layer communication channels increases as 
vertical connection channel density increases . A convenient 
measure of the density of inter - layer connections is the 
inverse square of the communication pin separation or 
" pitch ” . Specifically , IO density = 1 / ( pin pitch ) 2 . 
[ 0254 ] The minimum metal channel or " pin " pitch , 
depends on a variety of process and device considerations . 
One factor is the aspect ratio ( AR ) of the inter - layer metal 
channels : the ratio of the metal line diameter to the length of 
the via hole to be filled . Conventional “ Through Silicon Via ” 
( TSV ) structures may typically exhibit an AR of between 
about 5 to 20 . This is significantly higher than the typical 
design rules for vias in high - density metallization for IC 
devices — often with an AR of less than 2 . 
[ 0255 ] One device consideration affecting the packing 
density of conventional TSV structures , is the inter - device 
stress arising from the different thermal expansion of 
micrometer - scale Cu cylinders and Si device materials . The 
undesirable local stress in the immediate surroundings of a 
Cu via line can lead to design rules defining micrometer - 
scale “ keep out ” zones , where active circuit element are 

excluded from the vicinity of Cu via landing pads . This 
affects circuit density , performance , and yield . 
[ 0256 ] Accordingly , methods and apparatus of specific 
embodiments may provide one or more procedures to locally 
increase the inter - level metal channel density and corre 
sponding communication bandwidth between adjacent 
device layers . Use of high - energy , high - dose proton 
implants through a substantially completed metal intercon 
nect network and fully formed CMOS transistor layer for 
formation of a Hydrogen - rich region for non - thermal layer 
separation and bonding onto a 3DIC stack , provides an 
inter - layer separation of a few micrometers ( or less , for the 
cases of device layers on SOI buried oxides or other device 
types with minimal carrier depletion layer thicknesses ) . This 
allows substantially less inter - layer separation than the tens 
of micrometers typical of present day TSV and interposer 
stacking methods . The thinner inter - device Si layers and 
elimination interposer and associated adhesive layers pro 
vide by embodiments allows for fabrication shorter and 
thinner inter - device metal signal connections and greatly 
reduces the “ dead zone ” effects arising from thermal stress 
of present day several microns thick Cu TSV channels . 
[ 0257 ] Where high inter - layer bandwidth is desired ( e . g . , 
connections from CMOS image sensor layers and signal 
processing devices ) , some embodiments may employ a 
variety of layer transfer techniques to align and bond the top 
layer of the metal interconnect network of the transfer 
device to inter - layer connection channels in the top layer of 
the metal network of the lower device layer in the 3DIC 
stack . Such layer transfer approaches are outlined in FIGS . 
12 through 15 . 
[ 0258 ] With this particular procedure , the inter - layer com 
munication channel density can be expected to be similar to 
the pin density in the top layer metallization layers in the two 
device layers , with pin pitch on the order of a few microm 
eters or less . This “ top - to - top ” layer bonding results in a 
factor of 100 to 1 , 000x higher inter - layer connection density , 
and corresponding increased bandwidth , than existing 2 . 5D 
and 3D chip stacking technologies . 
[ 0259 ] FIG . 20 shows a simplified cross - sectional view of 
a “ top - to - top ” metal layer bonding of a transfer device layer 
and a lower device layer in a 3DIC stack . This approach can 
provide inter - level metal connection channel densities , and 
corresponding increased bandwidth , similar to via densities 
of the top metal layers of CMOS devices . 
[ 0260 ] Specific examples of 3DIC structures according to 
embodiments may be characterized by an TO density in 
Pins / cm2 ) of between about 1 . 0E + 06 - 1 . 0E + 08 , over a pin 
pitch range ( in nm ) of 1 . E + 02 - 1 . E + 04 . In an example , for a 
TSV depth of 1 um , aspect ratios ( depth : minimum width of 
diameter ) may range from between 10 to 1 over a range of 
TSV diameters from about 0 . 1 to 1 um . 
[ 0261 ] As mentioned above , proton implantation to form 
a 3DIC structure according to embodiments , may take place 
at energies of about 1 MeV , including energies of between 
about 300 keV - 5 MeV , about 500 keV - 3 MeV , about 700 
keV - 2 MeV , or about 800 keV - 1 MeV . Incorporated by 
reference herein for all purposes , is U . S . Patent Publ . No . 
2008 / 0206962 . 
[ 0262 ] It is noted that implant properties of hydrogen ions 
at such higher energy ranges may vary as between the 40 
keV energies typical of layer transfer processes for SOI 
wafer manufacturing . A first order description is the ratio of 
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the " half - width ” of the proton profile reflecting “ straggling " 
( < AX > ) , to the depth of the “ projected range ” profile ( < X > ) . 
10263 Comparison of such < AX > KX > results in an 
example , is as follows : 
[ 0264 ] proton implant energy 40 keV : < AX > < x > = 0 . 
196 ~ 0 . 2 
[ 0265 ] proton implant energy 1 MeV : < AX > / < X > = 0 . 
048 ~ 0 . 05 
Thus , the 1 MeV proton profile is ~ 4x “ sharper ” than the 40 
keV profile . 
[ 0266 ] 3DIC structures are commonly stacked at the wafer 
level . Wafer - level processing , especially when combined 
with the directness of the transfer methods for fully - metal 
lized CMOS devices described herein , has substantial 
advantages for economic and efficient processing . 
[ 02671 Wafer - level processing of bonded structures typi 
cally assumes that the same size wafers are used , and the 
placement of dies on the joined wafers are closely coordi 
nated to result in vertical stacked 3DIC structures after 
separation into discrete systems . These conditions are com 
monly met for large - area logic and memory devices fabri 
cated on 200 or 300 mm Si wafers in mass - production 
foundry processing . 
[ 0268 ] Many desirable components for communication 
linkage , such as RF tuners , amplifiers and the like , are 
considerably smaller in die size than cm² - sized logic and 
memory devices . These smaller die sized devices may be 
fabricated on diverse wafer sizes such as 100 and 150 mm , 
and may use non - bulk silicon substrates such as Radio 
Frequency Silicon on Insulator ( RF - SOI ) , GaAs , etc . 
10269 . There are many challenges associated with stacked 
structures with diverse die sizes . Device alignment is impor 
tant , and can be complicated by the thickness variation 
inherent to backgrinding processes used to thin dies . Total 
Thickness Variation ( TTV ) for backgrinding processes are 
typically in the range of about 5 % . Such variation can 
compound when multiple layers are stacked , making it 
difficult to perform semiconductor forming processes to 
facilitate interlayer connection . As a result , stacked devices 
employ relatively large solder bumps and interposer layers 
to connect devices in a vertical stack . In addition , many 
devices use bonding wires to connect multiple layers that are 
disposed side - by - side in a package . 
[ 0270 ] Embodiments of the present disclosure include 
devices and processes for 3DIC structures that include 
heterogeneous die sizes . Dies that are formed by performing 
ion implantation through circuit structures including dielec 
tric and conductive materials to cleave base substrates 
simplify the thinning process , and have less variation than 
backgrinding processes . TTV values that can be obtained by 
ionic cleaving may be , for example , less than 2 % , less than 
1 . 5 % , and less than 1 . 0 % . In addition , backgrinding applies 
a substantial amount of mechanical stress to semiconductor 
devices , which may disrupt structures in the device , causing 
further alignment and performance issues . 
[ 0271 ] FIG . 21 shows an embodiment of a process 2100 
for forming a 3DIC structure with different die sizes . An 
advantage of process 2100 is that it combines the economic 
advantages of wafer - level processing with the flexibility of 
incorporating layers of smaller area dies , which may be 
fabricated on a diverse variety of substrate materials and 
wafer sizes into composite 3DIC structures . 
[ 0272 ] A base device structure is prepared at 2102 . FIG . 
22 illustrates an embodiment in which a base device struc 

ture 2202 is prepared using high - energy hydrogen implan 
tation , where the peak concentration of a high - dose hydro 
gen implant is located in the substrate region below a 
metallized layer which may be , for example , a CMOS or 
MEMS device layer . 
[ 0273 ] Following cleaving along an approximate location 
of the hydrogen concentration peak , residual damage along 
the cleave plane is removed and the transferred device layer 
is bonded to another wafer - scale device layer as shown in 
FIG . 23 . In the embodiment shown in FIG . 23 , the base 
device structure 2202 includes two wafer - level bonded 
semiconductor layers , 2202A and 2202B , which are formed 
by implanting ions through dielectric and conductive struc 
tures that are formed on semiconductor wafers . In some 
embodiments , the base device structure 2202 may be more 
than two stacked semiconductor layers or a single stacked 
semiconductor layer . 
[ 0274 ] FIG . 23 illustrates wafer - level bonding in a device 
orientation where the bonding occurs along the metalized 
layers of the two layers , where the upper ( second ) device 
layer 2202B is face down compared to the lower ( first ) 
device layer 2202A , which is face up . Although only a single 
device of each of the first and second device layers are 
illustrated in FIG . 23 , in an embodiment , cleaving and 
bonding operations are performed on a plurality of devices 
on a wafer . 

[ 0275 ] Before the two device layers 2202A and 2202B are 
bonded together , there is an opportunity for deposition and 
patterning of one or more intermediate layers 2204 , insu 
lated by inter - metal dielectric materials , that can provide 
both vertical ( device to device ) and lateral connections for 
signal , timing , poser and ground connections . Such inter 
device metal connection layers 2204 are analogous in func 
tion to redistribution layers ( RDL ) in modern 2 . 5 D multi 
chip packaging schemes . 
[ 0276 ] After bonding of the first device layer 2202A to 
second device layer 2202B , with inclusion of the interme 
diate connection layer 2204 , vertical vias 2206 are etched 
and filled with metal to provide connections between the 
device layers and a top surface array of bond signal pads . 
[ 0277 ] An interconnect layer 2208 is formed on the 
exposed upper surface of base device structure 2202 in 
process 2104 . The interconnect layer 2208 may include 
appropriate bonding pads on the top layer of the base device 
structure 2202 for direct pick and place addition of various 
smaller die components , as well as lateral wiring connec 
tions to interface between the contact pads exposed by the 
base device structure 2202 . 
[ 0278 ] In an embodiment , the top metal layers of inter 
connection layer 2208 include multi - level metal networks 
for lateral communication , power and ground connections 
for a composite device , with the addition of bonding pad 
arrays designed for placement and bonding of face - down 
metal connections with smaller , diverse die types . 
[ 0279 ] As illustrated in FIG . 24 , one or more die 2210 is 
placed on the interconnect layer 2208 in process 2106 . The 
one or more smaller die 2210 may be placed using known 
pick and place techniques to align terminals of the one or 
more smaller die 2210 with the bonding pads exposed on the 
upper surface of the interconnect layer 2208 . The location 
and metal - to - metal bonding of discrete die types on a 
composite wafer - level bonded structure 2202 can be accom 
plished by an automated die pick , place and bond apparatus . 
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[ 0280 ] In some embodiments , smaller dies 2210 have 
different sizes and thicknesses from one another . The smaller 
dies 2210 may be a heterogenous set of devices that perform 
different functions , or a homogenous set of devices . 
[ 0281 ] Since dies 2210 may have various thicknesses , and 
in some embodiments may be thicker than the desired 
substrate thickness ( e . g . , in the range of 1 to 10 um ) , a layer 
of deposited material with a similar erosion rate under CMP 
processes as the substrate die of the added smaller devices 
may be formed between and over the dies 2210 at 2108 . 
[ 0282 ] For example , as seen in FIG . 25 , dielectric material 
2212 may be deposited over exposed surfaces of the device 
structure including dies 2210 in process 2108 . The dielectric 
material 2212 provides for electrical isolation of the smaller 
dies 2210 . The dielectric material 2212 may be one or more 
of a variety of materials commonly used in the semicon 
ductor industry that provide insulation from stray current 
flows , including a CVD oxide or other suitable insulating 
material . 
[ 0283 ] In some embodiments , a filler material 2214 is 
deposited over the dielectric material 2212 at 2110 . When 
the dies 2210 are Si devices , the deposited layer may be 
plasma deposited poly - Si or amorphous - Si . The filler mate 
rial 2214 may be selected to have a similar erosion rate to the 
dielectric material 2212 and the substrate material of the 
smaller die devices 2210 when planarizing the structure at 
2112 , for example by performing CMP . 
[ 0284 ] Although process 2100 and the associated figures 
describe forming a separate dielectric material 2212 and 
filler material 2214 , in some embodiments only a single 
material or more than two materials are deposited over the 
dies 2210 . 
[ 0285 ] A planarization process is performed at 2112 to 
planarize the upper surface of the device until contact pads 
are exposed . The slurry chemistry for the CMP process may 
be selected based on the dielectric material 2212 and the 
filler material 2214 to achieve approximately equal erosion 
rates of the substrates in the added smaller die structures 
2210 and the deposited over - layer materials . In an embodi 
ment , planarization process 2112 thins the added smaller die 
2210 substrates to thicknesses of about 10 um or less for 
later formation of vertical metal vias for interconnection 
with later added structures and bonding pads . In an embodi 
ment , planarization 2112 is performed until in an overall 
layer thickness of 10 to 30 um is obtained 
[ 0286 ] In addition , planarization process 2112 provides a 
planar top surface for the newly enlarged composite device 
structure for subsequent addition of multi - level metal inter 
connects for lateral signal , power and ground connections as 
well as bonding pads designed for connections of additional 
layers added to the composite structure with wafer - level or 
discrete die placement methods . In an embodiment , the 
planarization process 2112 may be performed on the top 
surface until the surface roughness has an RA value that is 
5 Angstroms or less , or 3 Angstroms or less . 
[ 0287 ] The deposition and planarization elements of pro 
cess 2100 may be performed such that substrates of the 
smaller dies 2110 are thinned to a desired thickness . In 
addition , the dielectric and filler materials 2208 and 2210 
provide mechanical support , and in some embodiments one 
or more of the layers formed over dies 2110 facilitate heat 
transfer out of a final 3DIC structure . 
[ 0288 ] In some embodiments , no additional layers are 
placed on the smaller dies 2210 . In those embodiments , the 

device may be packaged after planarization 2112 without 
placing upper device structures on the smaller dies 2210 . 
102891 . As illustrated in FIG . 26 , interconnect structures 
2216 to electrically couple at least one of the one or more 
smaller dies 2210 to upper device layers 2218 of the 3DIC 
are formed at process . The interconnect structures 2216 may 
be formed on exposed surfaces of smaller dies 2210 , and / or 
on an exposed surface of upper device structure 2218 before 
it is placed onto the smaller dies . In various embodiments , 
the upper device structure 2218 may be a single substrate as 
illustrated in FIG . 23 , two wafer level bonded substrates , or 
more than two substrates . 
10290 ) Embodiments of process 2100 provide for the 
addition of layers of discrete dies to a wafer - level process 
flow for bonding of multi - level device structures into a 
composite 3DIC structure . A device made according to 
process 2100 may have lateral electrical isolation of diverse 
added dies in the multi - chip layer , and may include vertical 
metal connections in dense , high - band width networks as 
well as lateral metal connection networks for the composite 
device structure containing wafer - level and discrete die 
placements . When smaller dies of different thicknesses are 
provided , process 2100 can accommodate these structures 
by planarization and thinning of the diverse substrates in the 
composite device layer . 
[ 0291 ] In the course of 3DIC fabrication using wafer - level 
transfer of metalized transistor and MEMS device layers , 
situations arise where it is advantageous to locally adjust the 
depth of the hydrogen implantation , which determines the 
approximate local location of the cleave plane in the in 
process step for layer transfer . 
[ 0292 ] A major challenge for operation of dense high 
performance circuit elements with 3DIC stack arrays , such 
as micro - processor logic and graphics processors for image 
analysis and display drivers , is the removal of heat from 
active device cores . 
10293 ] As described above , a network of channels for flow 
of coolant fluids can be formed in close proximity to a 
heat - generating transistor layer by adjusting the local pen 
etration depth of the hydrogen implant profile by adding a 
patterned “ range adjusting ” layer comprised of materials 
formed at a sufficient thickness to result in a local offset in 
the hydrogen depth and subsequent cleave surface . After 
cleaving of the device transfer layer along the variable depth 
cleave surface , a network of channels can be formed in the 
bottom surface by bonding the transfer device layer to a 
planar surface , such as the planarized top layer of another 
device layer , as shown in FIG . 1 . 
[ 0294 ] The range compensating layers may comprise pat 
terned layers of CVD silicon oxide of appropriate thickness 
combined with an unpatterned silicon nitride layer , which 
acts as an etch stop for the removal of the patterned oxide 
layer after the implant step . In another embodiment , the 
range compensating layer is a patterned layer of thick 
photoresist . 
[ 0295 ] FIG . 27 shows an embodiment of a device that 
includes diverse sized dies 2710 disposed between a lower 
which has several features that are not present in the device 
of FIG . 26 . The diverse dies 2710 are formed over a base 
device structure 2702 , which includes upper and lower parts 
that may be formed by implanting ions through metal and 
dielectric structures to form a cleave layer at the wafer level , 
and bonding the upper and lower parts to form the lower 
device structure 2702 . In addition , the device of FIG . 27 
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shows a plurality of cooling channels 2720 that are disposed 
at the interface between the upper and lower parts of the base 
device structure 2702 , and at a lower surface of the substrate 
of upper device structure 2718 . 
[ 0296 ] Another feature of the device shown in FIG . 27 that 
is different from the device of FIG . 26 is the location of 
vertical interconnect structures . While the embodiment of 
FIG . 26 has vertical vias 2206 that penetrate the upper 
device structure 2218 and filler material 2214 , FIG . 27 
shows vertical vias 2722 that pass through small die struc 
tures 2710 to provide electrical communication between 
devices of the lower structure 2702 , the small dies 2710 , and 
the upper structure 2718 . Persons of skill in the art will 
recognize that numerous variations are possible beyond the 
specific features shown in FIG . 26 and FIG . 27 . 
[ 0297 ] Processes according to the present disclosure may 
be applied for transferring devices which contain large 
variations in the density of total metal layers in local regions 
of the transferred device . When implanting hydrogen ions 
through metal and dielectric structures of a semiconductor 
device , the depth of the cleave plane may be affected by the 
arrangement of conductive and dielectric structures in a 
circuit layer . For example , as seen in FIG . 28 , the depth of 
peak energy , which manifests as a cleave plane , may be less 
in a high - density area of a device than a low - density , or 
sparse area . In some circumstances , it may be desirable , for 
purposes of process simplicity in the layer transfer bonding , 
to have the implanted hydrogen profile depth at the same 
planar location below a circuit layer . 
[ 0298 ] Hydrogen cleave plane depth can vary in between 
different areas of a high - performance microprocessor where 
a dense , multi - layer metallization layer over the logic core 
is surrounded by more sparse metal interconnect networks in 
memory ( e . g . embedded SRAMs ) and timing and input / 
output circuits . Other examples include optical sensor ( cell 
phone cameras , etc . ) devices where densely metalized image 
processing circuits are surrounded with more sparsely met 
alized photosensor arrays . In addition , MEMS devices often 
contain multiple layers and open spaces of various material 
densities . These variations can translate to different stopping 
powers for hydrogen ions , which can vary the depth of a 
cleave plane . In an embodiment that includes transferring 
devices containing MEMS devices . 
[ 0299 ] As seen in FIG . 29 , local hydrogen profile shifts 
can be compensated for by a patterned range compensating 
layer 2902 of appropriate thickness and hydrogen stopping 
power to result in an approximately planar hydrogen peak 
profile depth and cleave plane . Accordingly , embodiments of 
the present disclosure may include forming a range com 
pensating layer 2902 over a top surface of a semiconductor 
device to compensate for variations in ion penetration depth 
resulting from variations in density and / or the types of 
materials present between an upper surface of the semicon 
ductor device and a cleave plane . 
[ 0300 ] In some embodiments such as the example illus 
trated in FIG . 29 , the compensating layer 2902 has an even 
thickness , and is selectively deposited over areas of the 
device which would otherwise have a higher ion penetration 
depth than areas with no compensating layer . In other 
embodiments , the compensating layer 2902 has variations in 
thickness to account for multiple variations in ion penetra - 
tion depth . For example , a shape of the compensating layer 
2902 can be developed by performing ion implantation on a 
device that lacks a compensating layer , measuring depth 

variation in the cleave plane , and forming a compensating 
layer whose thickness varies as a mirror image of the depth 
variation , e . g . greater depth ion penetration areas would 
correlate with thicker sections of the compensating layer , 
and vice versa . 
[ 0301 ] Closely spaced stopping power variations over 
lateral scales approximately equal to the lateral straggling of 
high - energy hydrogen ions , on the order of 1 or more 
microns , are not generally replicated in variations in hydro 
gen profile depth . Accordingly , the thickness of the range 
compensating layer 2902 may vary from one functional 
region of a circuit to another , as opposed to varying based on 
individual nano - scale structures within a region . 
[ 0302 ] . In an embodiment , provisions are made for active 
removal of heat generated by circuit switching and resistive 
power losses in a volumetric 3D composite multidevice 
layer system by formation of cooling channels formed along 
the cleave surface defined by a high - concentration Hydrogen 
profile . The cleave surface depth is defined by the thickness , 
stopping power and location of patterned layers added to the 
device surface before Hydrogen implantation . 
f0303 ] As illustrated in FIG . 2A , embodiments of the 
present disclosure include a cooling channel . In the example 
of FIG . 2A , the cooling channel was created by modulating 
a depth profile of implanted Hydrogen with a patterned CVD 
oxide overlayer that is present when hydrogen is implanted 
to form a cleave layer . An associated CVD nitride layer is 
used to provide an etch stop for the CVD oxide layer 
patterning . Both of the CVD nitride and oxide layers are 
removed in later processing . 
[ 0304 ] FIG . 2 illustrates an embodiment of cooling chan 
nels formed along the cleave surface by offsetting the proton 
depth with a patterned stopping layer photoresist ( PR ) layer . 
In other embodiments , the stopping layer may be a similar 
dense material deposited on the device wafer surface . The 
thickness and stopping power of the underlying un - patterned 
PR layer can be used to modulate the depth of the cleave 
surface features in the substrate material below the trans 
ferred device layers . FIG . 2 shows the formation of a 
completed cooling fluid channel by bonding the modulated 
cleave surface to a planar top surface of an underlying 
device or substrate layer . 
10305 ] In an embodiment , cooling channels are enhanced 
by applying a surface coating . A surface coating material 
may be selected to improve heat transfer from the active 
device layers to a cooling fluid in the cooling channels , 
and / or to reduce or eliminate chemical reactions between a 
heat transfer fluid in the cooling channel and a substrate 
material . For example , in some embodiments , a cooling 
channel is disposed in a layer with high thermal conductiv 
ity , and the high thermal conductivity material reacts with a 
heat transfer fluid that flows through the coolant channel . In 
such an embodiment , exposed surfaces of the coolant chan 
nel may be coated with an inert material such as an oxide or 
nitride material that prevents chemical reactions between the 
heat transfer fluid and the high thermal conductivity layer 
material . For example , the inert material may be SiO , or 
SizN4 
10306 ] Persons of skill in the art will recognize that 
characteristics of the coating material including material 
type , thickness , and deposition technique may be selected 
based on the particular thermal conductivity layer material 
and heat transfer fluid used in an embodiment . In some 
embodiments , the coating material assists in heat transfer , 
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and has a higher thermal conductivity than a substrate 
material over which the coating is formed . Other favorable 
characteristics of a coating layer on coolant channels include 
excellent adhesion to the coolant channel wall material , 
uniform conformal coating thickness for good thermal con 
ductivity and free flow of coolant materials and , being inert 
to the coolant fluid material at device operating tempera 
tures . 
[ 0307 ] In an embodiment , a fluid in the coolant channels 
may be a heat transfer fluid with a relatively high thermal 
conductivity . In some embodiments , the fluid is an inert 
substance such as water , or a highly dilute solution . In other 
embodiments , the heat transfer fluid may be a nanofluid that 
comprises nanoparticles that enhance the thermal conduc 
tivity of the fluid compared to the liquid phase component . 
The heat transfer fluid may circulate through an external 
heat exchanger to transfer heat away from the device . 
[ 0308 ] The location of the cooling channel can be chosen 
to be at a transfer device bond layer as seen in FIG . 2 , or in 
an alternate location for cases where direct bonding of 
device metal layers is desired , for high - bandwidth circuit 
connections , as seen in FIG . 20 . In FIG . 20 , the cooling 
channels are located near a planar bond surface for a 
subsequently added device layer . 
[ 0309 ) In some embodiments , one or more heat transfer 
layer may be included in a 3DIC device . A heat transfer layer 
may be a material that has superior heat transfer character 
istics to materials used in an active layer . The heat transfer 
layer may be disposed adjacent to the cooling channels , so 
that a heat transfer fluid travelling through the cooling 
channels transfers heat from device circuitry to the heat 
transfer layer . In other embodiments , cooling channels are 
formed directly in a high thermal conductivity heat transfer 
layer . 
0310 ] Multi - layer lamination of devices allows for the 
insertion of layers of high - thermal conductivity materials 
and interfaces to improve both the lateral spreading of heat 
from local active circuit regions and the vertical transfer of 
heat to the network of fluid flowing in cooling channels . The 
provisions for controlling the local depth of the cleave 
surface in materials also allows for the formation of cooling 
channels in subsequently laminated high - thermal conduc 
tivity layers in a similar fashion as the transferred device 
layers . For example , FIG . 16 illustrates a high thermal 
conductivity heat spreading layer with coolant flow channels 
that is bonded between two circuit layers by CVD oxide 
bond layers . 
[ 0311 ] As indicated in Table 1 above , the room - tempera 
ture thermal conductivity of Silicon , the dominant substrate 
material for current IC fabrication , has a relatively high 
thermal conductivity , matched closely only by Silicon Car 
bide ( SiC ) . In an embodiment , it is desirable to use a 
material that has higher thermal conductivity than Si as a 
high thermal conductivity layer . 
[ 0312 ] A consideration for a material for a high thermal 
conductivity heat transfer material is the thermal conduc 
tivity properties of materials at temperatures characteristic 
of active circuit operations , which are generally in the range 
of 80 to 120 C . For Si at room temperature ( 25 C , 300 K ) and 
above , thermal conductivity decreases strongly with 
increased temperature , leading to a risk of " thermal run - 
away ” for local regions heated by active circuit power . As 
seen in FIGS . 30 and 31 , Si thermal conductivity decreases 
at all temperatures for increased dopant concentrations due 

to phonon - dopant scattering . For commonly used Si sub 
strates , the dopant levels are relatively low ( ~ 1015 dopants / 
cmº ) leading to relatively high thermal conductivity com 
pared to the higher concentrations illustrated in FIGS . 30 
and 31 . 
[ 0313 ] FIG . 32 illustrates thermal conductivity of 
6H — SiC at various temperatures and doping concentrations 
as reported by Morelli et al . ( 1993 ) . In the FIG . 32 , sample 
1 is a very pure or highly compensated sample , and the 
remaining samples have electron concentrations as follows : 
sample 2 — n = 3 . 5x1016 cm - 3 ; sample 3 — n = 2 . 5x1016 cm - 3 ; 
sample 4 n = 8 . 0x1017 cm - % , sample 5 n = 2 . 0x1017 cm3 ; 
and sample 6 — n = 3 . 0x1018 cm - 3 . Thermal conductivity val 
ues of various forms of silicon carbide are reported as being 
higher than silicon , with conductivity values of 3C , 4H and 
6H polytypes being twice as high as silicon at 300K . 
[ 0314 ] As illustrated in FIG . 33 , thermal conductivity of 
some carbon - based materials is much higher than silicon . In 
particular , diamond , graphite , graphene and Carbon nano 
tubes all have thermal conductivity values that are substan 
tially higher than thermal conductivity of silicon , especially 
at higher temperatures . While FIGS . 30 and 31 show a steep 
decline in silicon ' s thermal conductivity above room tem 
perature , the decline in thermal conductivity of carbon 
based materials is relatively shallow , and in the case of 
amorphous carbon , thermal conductivity increases above 
room temperature . In particular , thermal conductivity values 
reported for diamond and graphene are an order of magni 
tude greater than thermal conductivity of silicon at 300K . 
Another material with a high thermal conductivity that is 
comparable to forms of diamond is cubic Boron Arsenide . In 
embodiments of the present disclosure , one of these mate 
rials may be used as a bulk substrate material . 
0315 ] In the present disclosure , the term " plane ” is used 

to describe a cleave plane , which is generally understood to 
be a location at which a cleaved layer is separated from a 
substrate . However , as explained above , a range compen 
sating layer may be applied to a substrate before ion implan 
tation , which can result in an as - cleaved surface that 
includes one or more contours which may define , for 
example , a cooling channel . Accordingly , use of the term 
" cleave plane ” in the present disclosure should not be 
construed as limiting embodiments of this disclosure to 
cleaved surfaces that are perfectly flat . 
[ 0316 ] In an embodiment , a chemically or mechanically 
weak cleave surface is formed by ion implantation prior to 
the formation of any sensitive or reliability concerned device 
layers , interfaces of structures . Such an embodiment may be 
used in the formation of a full device structure , including a 
full network of metal interconnects and inter - metal layer 
dielectrics , to be followed by initiation of cleave action at 
the pre - formed cleave surface for transfer to a 3DIC stack 
structure . 
103171 Such an embodiment would reduce concerns for 
device yield and reliability problems related to the formation 
of the buried cleave surface . In the case of Hydrogen - based 
cleave surface formation , this embodiment allows for use of 
substantially lower proton ion energies for the implant step 
for a desired cleave surface depth . 
[ 0318 ] Benefits of such an embodiment include that the 
mechanical , thermal and chemical conditions for the post 
cleave plane formation device fabrication and testing pro 
cess should be conducted to avoid premature initiation of the 
cleave action . In an embodiment that uses Hydrogen - driven 
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cleaving , this involves restricting the post - cleave surface 
formation processing to temperatures below 500 C . 
[ 0319 ] Many advanced devices , for example those which 
contain high - dielectric constant , or high - K , gate oxides , 
such as HfO , and related forms , have thermal budget restric 
tions in this general area . 
[ 0320 ] FIG . 34 illustrates a bonding step for a transfer 
layer . In an embodiment , the transfer layer is a high - purity , 
crystalline transfer layer that is bonded to a substrate layer 
containing a chemically of mechanically weak separation 
layer that can subsequently be cleaved after initiation of 
appropriate cleave surface formation conditions . 
[ 0321 ] FIGS . 35 and 36 illustrate an embodiment of form 
ing a buried Hydrogen profile with peak concentration 
appropriate for formation of a cleave surface at a depth 
below a partially completed device layer , prior to formation 
of sensitive device layers , interfaces or structures . FIG . 36 
illustrates a fully completed device structure , including fully 
constructed metal interconnect and inter - metal dielectric 
layers prior to introduction of process conditions for initia 
tion of a cleave surface at the buried Hydrogen - rich cleave 
surface . 
[ 0322 ] A process may be performed where a chemically or 
mechanically weak layer is formed in a partially completed 
device substrate prior to the formation of sensitive device 
layers , interface or structures . Thermal , mechanical and 
chemical processing of the subsequent device fabrication 
may be restricted to conditions which do not initiate cleav 
ing action at the cleave surface locations . The sensitive 
structures may include gate dielectric and inter - metal layer 
dielectric layers . An example of a subsequent process 
restriction for the case of a Hydrogen implant formed cleave 
surfaces include processing at temperatures at or below 500 
C . In an embodiment , the completed , fully - metallized device 
structure is transferred to a 3DIC stack following cleaving 
initiated at the cleave surface . 
[ 0323 ] In embodiments of the present disclosure , a net 
work of channels for flow of cooling fluids is defined by 
modulation of implanted Hydrogen depth by a patterned 
layer of materials at the device wafer surface during Hydro 
gen implant with thickness , stopping power and location 
chosen to create a non - planar cleave surface in the transfer 
device substrate . Similar methods for modulating the depth 
of the cleave plane may be used to define cooling channels 
in a selected high - thermal conductivity material layer for 
subsequent insertion into a laminated multi - layer , multi 
device 3DIC stack . In an embodiment , the surface regions of 
a cooling fluid flow network are coated with material chosen 
to increase thermal conductivity between the heated device 
layer and substrate and the flowing cooling fluid , and to 
prevent chemical reactions between the device substrate and 
cooling fluids . 
[ 0324 ] Embodiments incorporate the advantages of wafer 
level bonding processes , including incorporation of cooling 
fluid network channels , with a design flexibility for incor 
poration of dies fabricated on different wafer sizes , different 
wafer thickness and different substrate materials . Devices 
formed using the cleaving and stacking techniques provided 
in this disclosure have numerous advantages over conven 
tional technologies . Substrates that are formed by back 
grinding are subject to substantially higher levels of 
mechanical stress and higher levels of thickness variation 
over the substrate surface . Ionic cleaving can be performed 
with fewer process steps than backgrinding , simplifying the 

process and reducing the amount of handling required . 
Layers of the 3DIC structures according to the present 
disclosure may be interconnected through dense high band 
width vertical and lateral metal connections , which may 
displace the need for interposer and solder bump structures , 
leading to smaller , more tightly integrated , higher speed 
devices that are more efficient to manufacture . 
[ 0325 ] While the above is a full description of specific 
embodiments , various modifications , alternative construc 
tions and equivalents may be used . Therefore , the above 
description and illustrations should not be taken as limiting 
the scope of the present disclosure . 

1 . A method of forming a device , the method comprising : 
providing a first substrate ; 
depositing a thickness of range compensating material on 

a first surface of the first substrate ; 
implanting ions into the first substrate , the ions traveling 

through the range compensating material to define a 
cleave profile in the first substrate , the cleave profile 
including at least one contour that corresponds to the 
thickness of absorber material ; 

removing the absorber material , and 
cleaving the first substrate at the cleave profile , thereby 

exposing the at least one contour . 
2 . The method of claim 1 , wherein the at least one contour 

is a coolant channel . 
3 . The method of claim 2 , further comprising : 
after cleaving the first substrate , coating exposed surfaces 

of the coolant channel with a coating layer . 
4 . The method of claim 3 , wherein the coating material is 

a material that prevents a chemical reaction between a 
coolant fluid and the first substrate material . 

5 . The method of claim 3 , wherein the coating layer is a 
nitride material or an oxide material . 

6 . The method of claim 3 , wherein a thermal conductivity 
of the coating material is higher than a thermal conductivity 
of the first substrate . 

7 . The method of claim 1 , wherein the range compensat 
ing material is a photoresist material . 

8 . The method of claim 1 , wherein the first substrate has 
a thermal conductivity of at least 130 W / m - K at a tempera 
ture of 25 degrees Celsius . 

9 . The method of claim 8 , wherein the first substrate 
comprises carbon . 

10 . The method of claim 9 , wherein the first substrate is 
a diamond material or a graphite material . 

11 . The method of claim 1 , further comprising : 
bonding the cleaved surface of the first substrate to a 

second substrate having a circuit layer . 
12 . The method of claim 11 , wherein the first substrate is 

bonded to the second substrate by an oxide layer deposited 
on a surface of the second substrate . 

13 . The method of claim 12 , further comprising : 
after removing the range compensating layer , depositing 

a bonding layer on the first surface of the first substrate ; 
and 

bonding a third substrate comprising a circuit layer to the 
bonding layer on the first surface of the first substrate . 

14 . The method of claim 13 , wherein the first , second and 
third substrates are wafer scale substrates . 
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15 . A method of forming a three - dimensional integrated 
circuit , the method comprising : 

providing a first substrate ; 
depositing a thickness of range compensating material on 

a first surface of the first substrate ; 
implanting ions into the first substrate , the ions traveling 

through the range compensating material to define a 
cleave profile in the first substrate , the cleave profile 
including at least one contour that corresponds to the 
thickness of absorber material ; 

removing the absorber material ; 
cleaving the first substrate at the cleave profile , thereby 

exposing the at least one contour ; and 
bonding the first substrate to a second substrate that 

includes a circuit layer . 
16 . The method of claim 15 , wherein the at least one 

contour is a coolant channel . 
17 . The method of claim 16 , further comprising : 
depositing a coating that covers the at least one contour 

before bonding the first substrate to the second sub 
strate . 

18 . The method of claim 17 , wherein a thermal conduc 
tivity of the coating layer is greater than a thermal conduc 
tivity of the first substrate . 

19 . A method of forming a semiconductor device , the 
method comprising : 

providing a first substrate having dielectric and conduc 
tive structures ; 

depositing a thickness of range compensating material on 
a first surface of the first substrate ; 

implanting ions into the first substrate , the ions traveling 
through the dielectric and conductive structures and the 
range compensating material to define a cleave profile 
in the first substrate , the cleave profile including at least 
one contour that corresponds to the thickness of 
absorber material ; 

removing the absorber material ; and 
cleaving the first substrate at the cleave profile , thereby 

exposing the at least one contour . 
20 . The method of claim 19 , further comprising : 
after implanting the ions , exposing the first substrate to an 

atmosphere that includes a hydrogen gas and an inert 
gas at a temperature of from 350 degrees Celsius to 500 
degrees Celsius for at least one half hour to repair 
damage to the dielectric and conductive structures . 

* * * * 


