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DEVICES, SYSTEMS AND METHODS FOR ELECTROSTATIC FORCE
ENHANCED SEMICONDUCTOR BONDING

TECHNICAL FIELD

{8001 The present technology 1s related to semiconductor devices, systems and methods,
In particular, some embodiments of the present technology are related to devices, systems and

methods for enhanced bonding between semiconductor materials.

BACKGROUND

[8082] In semiconductor manufacturing, several processes exist for adding a layer of
material t0 a semiconductor substrate, inclading transferring a layver of material from one
semiconductor substrate to another. Such processes inchide methods for forming silicon-on-
msulator ("SOU"Y wafers, semiconductor-metal-on-nsulator ("SMOI™) wafers, and silicon-on-
polyerystalline-alominum-nitride ("SOPAN") wafers. For example, Figures 1A-1D are partially
schematic cross-sectional views llustrating a semiconductor asscmbly in a prior art method for
transferring a silicon meaterial from one substrate to another.  Figure 1A illustrates a first
substrate 100 including a base material 104 and an oxide material 102 on the base material 104,
As shown in Figure 1B, 8 sccond substrate 120 is then positioned on the first substrate 100 for
bonding {(as indicated by arrow A). The second substrate 120 also includes a silicon material
124 and an oxide material 122 on the silicon material 124, The sccond subsirate 120 is
positioned on the first substrate 100 sach that the first substrate oxide material 102 contacts the
second subsiraie oxide material 122 and forms an oxide-oxide bond. The silicon material 124
has a first portion 124a and a second portion 124b delineated by an exfoliation roaterial 130 ata
selected distance below a downwardly facing surface of the first portion 124a. The exfoliation
material 130 can be, for example, an implanted region of hydrogen, borvon, and/or other

exfoliation agents.

{8043} Figure 1C illustrates the semiconductor assembly formed by bonding the first
substrate 100 to the second substrate 120, Once the substrates 100, 120 are bonded, the first
portion 124a of the semiconductor roaterial 124 1s removed from the second portion 124b by
heating the assembly such that the exfoliation material 130 cleaves the silicon material 124, The
second portion 124 remains atiached to the first substrate 100, as shown in Figure 1D, and has
g desired thickness for forming semiconductor components in and/or on the second portion

1
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124k, The first portion 124a of the silicon material 124 can be recyeled to supply additional

thicknesses of silicon material 1o other first substrates.

{6804 One challenge of transferring silicon materials from one subsirate to another is that
poor bonding between the first and second substrates can greatly affect the yield and cost of the
process. o transfer processes, "bonding” generally includes adhering twe mirror-polished
semiconductor substrates o cach other without the application of any macroscopic adhesive
layer or external force. During and/or after the layer transfer process, poor bonding can cause
voids, islands or other defects between the two bonded substrate surfaces. For example, the
material properties of certain roaterials can result in poor bonding, such as silicon with a metal

of SMOI or a poly-aluminum niiride surface with silicon of SOPAN.

{8805] Conventional bonding processes alse include applying an external mechanical
force {e.g., a weight or a compressive foree) to the first and second substrates for a period of
tme. In addition to adding time, adding cost, and reducing throughput, bonding processes that
usc an external force suffer from several drawbacks. First, the dowoward force applicd on the
second substrate is not distributed vniformly and can cause defects in the substrate or even break
one or both substrates. Second, because the foree is not distributed uniformly, the magnitude of
the applied mechanical force is Hmited to the maximuum allowed force in the area with the
highest force concentration, which means that other areas of the substrate do not experience the
meaximum force.  Third, the use of an external mechamical force can contaminate the
semiconductor assembly. Last, some semiconductor devices can have large depressions in the
under-layer topography because of dishing from prior chemical-mechanical planarization

processing making i difficult to bond the oxide layers to cach other,

BRIEF DESCRIPTION OF THE DRAWINGS

RHEH Many aspects of the present technology can be better understood with reference to
the following drawings. The components in the drawings are not necessarily o scale. Instead,

cmphasis s placed on illustrating clearly the principles of the present technology.

[6887] Figures 1A-1D are schematic cross-sectional views of various stages in a method
for transferring and bonding 2 semiconductor layer according to the prior art.

{6008} Figure 2A is a schematic cross-sectional view of a bonding system configured in

accordance with the present technology.
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{8049} Figure 2B is a schematic cross-sectional view of the bonding system m Figure ZA

supporting a semiconductor assembly.

[BO16] Figure 3 is a schematic cross-sectional view of a bonding system configured in

accordance with angther embodiment of the present technology.

DETAILED DESCRIPTION

8011} Several embodiments of the presont teclnology are described below with reference
to processes for enhanced substrate-to-substrate bonding. Many details of certain embodiments
are described below with reference to semiconductor devices and substrates.  The term
"semiconductor device,” "semiconducior substrate,” or "substrate” is used throughout to include
a variety of articles of menufacture, including, for exanple, seniconductor wafers or substrates
of other materials that have a form factor suitable for semiconductor manufacturing processes.
Several of the processes described below may be used to improve bonding on and/or between

substrates.

{8013} Figures 2A-3 are partially schematic cross-sectional views of enhanced bonding
systems and methods in accordance with embodiments of the technology. In the following
description, common acts and stroctarcs are identified by the same reference mumbers.
Although the processing operations and associated stroctures illostrated in Figures 2A-3 are
directed to SOl-based transfors, in certain embodiments the process can be used to enhance
bonding i other material-based travsfer layer methods, such as SMO{-based transfers, SOPAN-

based transfers, and the hike.

16613} Figure 2A is a cross-sectional side view of one crubodiment of an isolated bonding
system 300 ("system 300"}, and Figure 2B 18 a cross-sectional side view of the system 300
supporting a substrate assembly 307,  As shown i Figure 2B, the substrate assembly 307
imchudes a first substrate 303 (¢.g., a handling substrate) and a second substrate 305 {c.g., 2
doror substrate) on the bandling substrate 303, The first substrate 303 can have a base material
306 and first oxide layer 308, and the sccond substrate 305 can include a semiconductor material
310 and a sccond oxide layer 309, The base material 306 can be an insulator, polysilicon
asluminum nitride, a semiconductor material {e.g., silicon {1,0,0), silicon carbide, ¢ic.), a metal,
or another suitable material. The semiconductor material 310 can nclude, for example, a silicon
wafer made from silicon {1,1,1) or other semiconductor materials that are particularly well

suited for epitaxial formation of semiconductor components or other types of components. In



WO 2015/119798 PCT/US2015/012833

other embodiments, only one of the first or second substrates 303, 303 may inclode an oxide
layer. Additionally, the orientation of the first and sccond substrates 303 and 305 can be

mverted relative to the orientation shown in Figure 28,

8814} As shown in Figure 2B, the second substrate 305 can be positioned on the first
substrate 303 such that the second oxide layer 309 of the second subsirate 305 contacts the first
oxide layer 308 of the first subsirate 303, As such, the shared contact surfaces of the first and
second oxide layers 308, 309 form a bonding imterface 322 between the first and second
subsirates 303, 305, Addiutionally, the first and sccond oxide layers 30%, 339 form a diclectric
barrier 320 between the first and second substrates 303, 305. The diclectric barrier 320 can have
a thickness d that is between about 1 nm and about 20 pm.  In a particular embodiment, the

diclectric barrier 320 can have a thickness d that is between about | pm and about 10 um.

18615} Referring to Figures 2A and 2B together, the system 300 can include a unipolar
clectrostatic chuck (ESC) 301 having an clectrode 304, a conductor 312, and a power
supply 314, In some embodiments, the ESC 301 includes a dielectric base 302 that carries the
clectrode 304, The electrode 304 can include a support surface 316 configured to receive the
first substrate 303 and/or the substrate assembly 307. The power supply 314 1s coupled to the
electrode 304 and configured to supply a voltage o the electrode 304, and the condactor 312 is
¢lectrically coupled 1o 2 ground scurce G, The substrate assembly 307 can be positioned on the
support surface 316 of the electrode 304, and the conductor 312 can contact a portion of the
subsirate assembly 307 opposite the dielectric bamrier 320, In the embodiment shown in Figure
2B the first substrate 303 contacts the electrode 304 and the sccond substrate 305 contacts the

conductor 312,

[B81s] The conductor 312 can be a single contact pin or pad comnected to the ground
source G via a connector 318. The conductor 312 can be configured to engage allf or 3 portion of
the surface of the substrate assembly 307 facing away from the ESC 301, For cxample, as
shown in Figure 2B, the conductor 312 can be a pad that covers only a portion of the surface of
the second substrate 305, and the conductor 312 can be positioned at the center of the second
substrate 305.  In other embodiments, the conductor 312 can contact any other portion of the
second substrate 305 and/or the conductor 312 can have the same size as the second substrate
(shown in dashed lines). Although the conductor 312 mchides only a single contact pad in the
embodiment shown in Figure 2B, in other embodiments the conductor 312 can have multiple

pins, pads or other conductive features configured in a pattern to provide the desired current
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distribution across the second substraie 305, In other embodiments, the conductor 312 can have

any size, shape and/or configuration, such as concentric rings, an array of polygonal pads, ctc.

(8817} Unkbike conventional ESCs, the ESC 301 of the present technology does not have a
diclectric layer separating the clectrode 304 from the first substrate 303 and/or subsirate
assembly 367, In other words, when the first substrate 303 is on the support surface 316, the
fivst substrate 303 directly contacts the electrode 304 without a diclectric material attached to the
support surface 316 of the electrode 304, Although in some cases a botiom surface of the first
substrate 303 may include a native oxide film, the film is very thin (e.g., 10-20 A} and thus
provides negligible clectrical resistance between the electrode 304 and the first substrate 303.
As a result, voltages applied to the clectrode 304 pass directly to the fivst substrate 303, Because
the first substrate 303 directly contacts the electrode 304 and has negligible internal resistance, a
conventional bi-polar or nwhi-polar ESC cannot be used with the system 300 as the first
substrate would provide a direct electrical connection between the electrodes and short the

sysiem.

8018 In operation, the first substrate 303 is positioned on the support surface 316 o
direct electrical contact with the electrode 304, It the sccond subsirate 305 s not already
positioned on the first substrate 303, the second substrate 305 can be manoally or rcbotically
placed on the first substrate 303, For example, as shown in Figure 2B, the counector 31% can be
m the form of a conductive robotic arm that can support the second substrate 305 and move the
second substrate 305 over the first subsiraic 303. The robotic arm can include a negative
pressure source (not shown) at one end that engages and holds the second substrate 305 until a

desired position is achieved.

[8819] {Omce the second substrate 305 15 position for bonding with the first subsiraie
303, the conductor 312 can be placed in contact with the second substrate 305. The power
supply 314 s then activated to apply a voliage to the clectrode 304, As previeusly discussed,
the first substrate 303 operates as a continvation of the electrode 304 because the first substrate
303 directly contacts the electrode 304 without a diclectric material between the two. As a
result, an electrical charge accumulates at or near a top surface 303a of the first substrate 303
thereby causing an opposite clectrical charge to accumulate at or near a bottom surface 3052 of
the second substrate 30S. Accordingly, an electric potential is established across the dielectric

barrier 320 between the first and second substrates 303, 305, The clectric potential creates an
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clectrostatic force F that pulls the second sobstrate 305 towards the first substrate 303 and

enhances the bond between the first and second substrates 303, 305,

{8028} The electrostatic force F generated by the system 300 is significantly greater than
that of conventional systems because it tmproves the clectrical contact with the first substrate
and decreases the diclectric distance between the first and second substrates 303, 305, The

magnitude of the electrostatic force F can be determined by the following equation (1)

[0021] (hF =g gfﬁ:}z where

88221 k 1s a dielectric constant;

16623] d is the dielectric thickness; and

{8024} V is the applied voltage.

18025] As indicated by the equation (1), the smaller the diclectric thickness d and/or the

greater the applied voltage V, the greater the electrostatic force F. As such, the magnitude of the
electrostatic force F can be controlled by adjusting the applied voltage V and/or the diclectric
thickness d.  In some embodiments, the system 300 can include a8 controller (not shown) that
automatically controls the magnitude, duration, and/or timing of the clectrostatic force F by

adjusting the applied voltage V.

18026} The system 300 and associated methods are expected to provide several advantages
over conventional methods for enhanced substrate bonding that apply an external mechanical
force. First, the magnitude of the eclectrgstatic force F achieved by the system 300 is
considerably greater than the compressive force mposed by conventional mechanical force
applications. By way of cxample, on a 6-inch wafer, mechanical force-generating devices can
apply a maximum force of 100 kN, while the carrent system can generate an electrostatic force F
of greater than 200 kN. Also, in contrast to conventional methods and systems, the system 300
can evenly distribute the electrostatic force F across the substrates 303, 305, As evidenced by
equation (1) above, the magmitude of the electrostatic force F is only dependent on two
variables: the applied voltage V and the diclectric thickness d. Both the applied voltage V and
the dielectric thickness d arc intrinsically constant across the cross-scctional arca of the
substrates 303, 305, Additionally, in conventional methods utilizing a mechanical compressive
force, the handhing substrate and/or substrate assembly would have to be moved from one
machine to the next and/or a force-generating machine would have to be moved into the vicioity

of the handiing substrate and/or substrate assembly. The current systom, however, does not

e
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require any moving of machine or sebstrates and can achieve enhanced bonding by adjusting the
applied voltage. As such, the system 300 of the present technology can be operated at 2 lower
cost and higher throughput.

{88271 Figore 3 i3 a cross-sectivnal side view of another embodiment of a bonding

50

system 400 ("system 400") configured in accordance with the present technology. The first
substrate 403, second substrate 405 and ESC 401 can be generally similar to the first substrate
303, second substrate 305 and ESC 301 described in Figures 2A and 2B, and like reference
pumerals refer to the components.  However, instead of having a2 conductor in the form of a
conductive pin or pad as shown in Figore 3, the system 400 includes a plasma source 424, 2
plasma chamber 422 filled with a plasma gas P that defines a conductor 423 electrically coupled
to the plasma gas P. The plasma gas P is electrically conductive such that the plasma gas P is
also a conductor. The conductor 423, for example, can be electrically connected to 3 ground
source (O via an electrical element 412 {¢.g., an antenna, an electrode, ote.). As shown in Figure
3, the plasma chamber 422 extends arcund at least a portion of the second substrate 4065, As
such, the first substrate 403 and/or the electrode 404 is electrically isolated from the plasma

chamber 422.

[B028] The plasma gas P can be a noble, easily ionized plasma gas, such as Argon (Ar),
Helium (He}, Nitrogen (M), and others. The plasma source 424 can be an inductively coupled-
plasma ("ICP"} source, microwave, radiofrequency ("RF™) source and/or other suitable sources.
A plasma gas in bulk acts as a virteal conductor. As the plasma gas P 1s released into the plasma
chamber 422, the plasma gas P charges the sccond substrate 405,  Activation of the power
supply 414 croates a potential difference across the dielectric barrier 420, thercby generating an

glectrostatic force F between the substrates 403, 405,

18629] In some embodiments, the system 400 can also include a vacuum source 426
connected to the plasma chamber 4272 that draws the plasma gas downwardly. The system 400
can alse include additional features typically associated with vacuum chamber systems, such as
power conditioners {c.g., rectifiers, filters, eic.), pressure sensors, and/or other suitable

mechanical/clectrical components.

[8838] The system 400 provides several advantages over conventional systems, including
thosc advantages discussed above with reference to the system 300,  Additionally, the
system 400 can reduce contamination as the enhanced bonding is carried out in a pressurized,

sealed plasma chamber 422,
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{8031} Any of the above-described systems and methods can inchude additional features to
expedite substrate processing. For example, any of the above systems can inchude one or more
features to automate the bonding and/or layer transfer process, such as ift pins and/or rebotic
transfer arms for loading and unioading the substrates from the system.

8032} From the foregoing, it will be appreciated that specific embodiments of the
mvention have been described herein for purposes of illustration, but that various modifications
may be made without deviating from the scope of the vention.  Accordingly, the invention is

not limited except as by the appended claims.

-8-



WO 2015/119798 PCT/US2015/012833

CLAIMS

/We claim:

I. A method for enhancing wafer bonding, the method including:

positioning a substrate assembly on a unipolar electrostatic chack ("ESC"), the ESC
having an clectrode that has an clectrically conductive sapport surface;

positioning a first substrate of the substrate assembly on the support surface of the
clectrode, wherein the substrate assembly finther includes a second substrate on
the first substrate;

electrically coupling a conductor to the second substrate;

applying a voltage to the clectrode, thereby creating an clectrical potential between the
first substrate and the second sobstrate that goenerates an electrostatic force

between the first and second substrates.

2. The method of claim 1 forther comprising applying a voltage from a power

supply to the first substrate via the electrode.

3. The method of claim 1 further comprising accunmulating a first electrical charge
at o1 near & bottorn surface of the sccond substrate by accumulating a sccond electrical charge at
or near a top surface of the first substrate, wherein the first clectrical charge and the second

glectrical charge are opposiie.

4. The method of claim 1 further comprising wrging the second substrate towards

the first substrate at a force of at least 200 kN,

S. The method of claim | further comprising adjusting the clectrostatic foree
between the first and second substrates by adjusting the voltage applied to the first electrode.
6. The method of claim 1 further comprising uniformly distributing the clectrostatic

force across a top surface of the first substrate and a bottom surface of the second subsirate.
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7. The method of claim 1 wherein the conductor comprises a contact pad, and
clectrically coupling the second substrate to the conductor includes positioning the contact pad

in direct contact with the second substrate,

8. The method of claim | whercin the conductor comprises a plasma gas, and
electrically coupling the second substrate to the conducior comprises electrically hiasing the

plasma gas while the plasma gas contacts the second substrate.

9. The method of claim 1 further comprising scaling the subsivate assembly in a

pressurized chamber while urging the second substrate against the first substrate.

10. A system for enhancing bonding between a first substrate and a second substrate,
the system comprising:

a unipolar clectrostatic chuck baving a support surface configured to receive the first
substrate, the chuck inchuding a dielectric base and an clectrode at least partially
within the dielectric base, wherein a top surface of the elecirode defines at least a
portion of the support surface configured to directly clectrically coutact the first
substrate;

a conductor configured to be clectnically coupled o the second substrate; and

a power sopply and grouond electrically coupled to the electrode and conductor,

respectively, 10 apply an clectrical bias between the electrode and conductor.

11.  The system of claim 10 wherein the clectrostatic chuck docs not include a

dielectric layer between the electrode and the substrate assembly.

12, The system of ¢laim 10 wherein the conductor inchides a contact pad.

13, The system of claim 12 wherein the contact pad is configured to contact at least a

portion of a top surface of the second substrate.

14.  The system of claim 10, further comprising an elecirical clement positioned in a

plasma chamber configured 1o energize a plasma gas in the plasma chamber.
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15, The system of claim 14 wherein the plasma chamber is configored to contact at

least a portion of the second substrate and is electrically isolated from the first substrate.

16, The system of claim 14, further comprising a vacuum source coupled to the

plasma chamber.

17. A method for enbancing wafer bonding utilizing a vnipolar electrostatic chuck,
the electrostatic chuck inciuding an electrode, the method including:
clectrically coupling the electrode to a first substrate;
electrically coupling a conductor 10 a second substrate positioned on the first substrate,
whercin the first subsirate and the second substrate arc separated by a diclectric
barrier, the diclectric barrier having a top surface adjacent the sccond substraie
and a bottom surface adjacent the first substrate; and
simultancously exerting opposing forces on the top and bottom surfaces of the diclectric

barrier.

18,  The system of claim 17, further comprising clecirically isclating the first

substrate from the second subsirate.

19, The system of claim 17 applying a voltage from a power supply to the first

substrate via the electrode.

20. The system of claim 17 accumulating a first clectrical charge at or near a bottom
s &

surface of the second substrate by accunuilating a second electrical charge at or near 2 top

surface of the first substrate, wherein the first electrical charge and the second electrical charge

3rc opposite.
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