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Bonding and assembly processes have started to
take the centre-stage in semiconductor manufacturing
as they enable three-dimensional (3D) stacking and
heterogeneous integration for novel interconnect
architectures of integrated circuits. The progression
of a bond front hinges on balance of adhesion
and dissipation forces. Here, a lubrication—elasticity
model is reported, to elucidate near-field dynamics
of the process while staying within continuum limits,
excluding adhesion mechanisms. When governed by
lubrication flow in the gap, and linear elasticity in
the substrates, the unbonded part of the substrates
assumes a power-law shape as a function of the
distance from the bond front. Furthermore, an entirely
self-consistent formulation for the bond front velocity
is derived. The formulation presented here crucially
relies on a re-parameterization of the problem in
terms of a ‘high viscous dissipation region’ ahead
of the bond front, which travels along with the
adhesion front. This approach for expressing the
bond front velocity allows for its acceleration as the
unbonded region shrinks, for example with bond front
approaching the edge of a finite substrate. Finally,
unifying velocity and length scales are proposed,
incorporating a lateral adhesion front length scale that
effectively captures velocity variations in the limit
of vanishing viscous dissipation, bridging continuum
and molecular scales. This framework provides
scalable insights for better understanding and process
control in applications with wafer and die bonding.

1. Introduction

Wafer and die bonding are pivotal technologies in

semiconductor manufacturing, enabling the integration
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of advanced microelectronics, microelectromechanical systems and three-dimensional (3D)
integrated circuits [1,2].

The bonding process involves the adhesion of two substrates, where a bond front
propagates laterally, driven by work of adhesion and opposed by dissipative mechanisms
chiefly in the intervening gas layer. This process facilitates the permanent or temporary joining
of substrates, supporting applications such as silicon-on-insulator substrates [3], backside-
illuminated complementary metal-oxide-semiconductor image sensors [4,5] and high-density
3D stacking for memory-on-logic architectures [6]. Commercial bonding systems from tool
vendors achieve remarkable alignment accuracy, with sub-micron overlay precision for 300 mm
wafer-to-wafer bonding [7-10]. However, the fundamental mechanisms governing bond front
propagation—particularly the interplay of surface adhesion, viscous dissipation and substrate
deformation, remain under-explored. This limits process optimization and scaling for next-
generation devices, and limits the understanding of further undesired mechanical effects owing
to unsteady bond front progression (such as its complete halt or acceleration near the edge of a
finite substrate).

The scientific foundation of wafer bonding traces back to early studies of adhesion and
fracture, such as Obreimoff’s work on cleavage [11] and Rayleigh’s study of glass surfaces brought
into contact [12]. Since these early works, key principles of adhesion fronts and related bonding
dynamics have been established in works by Yu & Sou [13] by explaining criteria for bonding in
terms of elastic accommodation, by Turner ef al. [14,15] by explaining the bondability of substrates
based on balance adhesion and strain energy, by Bengtsson [16] experimentally showing bond
front speeds with substrates of different dimensions, and by Gosele et al. [17,18] by performing
bonding in different ambient conditions. Continuum-scale bond front dynamics in terms of
linear elasticity and lubrication flows have also been analytically and experimentally explored
by Rieutord et al. [19], Navarro et al. [20,21], Radisson et al. [22,23]. Other means of dissipation
in the gas have also been suggested, such as molecular motion by Liao et al. [24] and molecular—
viscous dissipation by Bengtsson et al. [16]. More recently, Poulain et al. [25] and Carlson et al.
[26] also advanced the elastohydrodynamic framework for bonding, particularly applicable for
bonding of thin substrates such that van der Waals” and Lennard-Jones mechanisms become
relevant alongside lubrication stresses in the regime of small gap widths.

In this paper, we build on the insights of the above mentioned literature and bring our attention
on continuum description of bonding dynamics. We omit near-field adhesion front dynamics
occurring at sub-continuum gap heights, which would manifest in lubrication equations as
conjoining/disjoining type of pressures. Quantitative arguments are given supporting the
omission. In §2, we present a lubrication—elasticity framework for axisymmetric bonding
dynamics, coupling thin-plate bending theory with lubrication flow to first derive a power-law
solution (§2c) for the substrate shape that it would assume while bonding in a free-hanging state.
We find the same power-law result for the shape of the unbonded span of the wafers (also, the
gap shape) as found by Rieutord ef al. [19] and Liao et al. [24] by balancing lubrication pressure
gradient with linear elasticity in planar coordinates. We also show the pre-factors to the power
law can be entirely self-consistently derived from the governing equations (§2c(ii)).

Next in §3, using the same energy balance arguments from work of adhesion and dissipation
in intervening gas as Bengtsson [16], Rieutord et al. [19] and Poulain et al. [25], we derive
an expression for the bond front velocity. We find an intermediate integral formulation of
the same form as [19] for the front velocity, which is initially suggestive of the same power-
law dependencies on material properties (substrate thickness, Young’s modulus, gas viscosity)
and surface energy as those suggested by Bengtsson ef al. [16]. The above-mentioned integral
formulation for bond front velocity runs along the coordinate of the bond front’s progression.
We show that this intermediate formulation cannot yield meaningful values for the bond
front velocity, as it diverges with distance. This issue occurs naturally in the formulation, and
surprisingly has not been addressed before. Here, we deviate from the above mentioned works
[16,19,24,25] by defining the viscous dissipation region in the gas such that its lateral span ought
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not extend to infinity (§3c—e). We resolve the issue of the diverging expression by introducing
a length scale § concerning a ‘high dissipation region’, wherein much of the viscous dissipation
ahead of the bond front is concentrated. This dissipation volume travels ahead of the bond front.
Dissipation profiles in the gas are computed which justify the use of such a length scale to re-
parameterize the expression for bond front velocity. This approach provides meaningful values
for bond front velocity, in close agreement with usually reported values in experiments [16,19,27].
The re-parameterized formulation for the front velocity is shown to be highly versatile. This
approach can intrinsically account for shrinking of this high-dissipation region in the gas (§4a),
which results in the acceleration of the bond front as it approaches the edge of a finite substrate
(also an effect observed in experiments [19,21]). We show that the increase in bond front velocity
near the edge also makes the substrate shape steeper, with undesired consequences for post-
bonding defects (creating localized in-plane stretches, or causing condensation voids owing to
isenthalpic gas expansion, or Joule-Thomson condensation [28, p. 236]).

Finally in §4b, we discuss the velocity and length scales that ought to characterize the bond
front velocity both in the steady-state (far-from-edge) regime, and its steep increase close to the
edge of a finite substrate. In the former case, the velocity scale can be inferred from the steady-state
derivation, while a trivial length scale of the substrate size is sufficient to describe the dynamics.
However, when the front accelerates on account of the shrinking dissipation region ahead of the
bond front, the substrate size is not a representative length scale. Close to the substrate edge, the
closing gap pushes the continuum framework to the limits of its applicability, and we introduce
a natural length scale to characterize the lateral extent of the adhesion front, inspired by a similar
length scale introduced by Poulain et al. [25] in the Lennard-Jones repulsion-limited bonding
dynamics. This length scale completely collapses the acceleration profiles of the bond front close
to the edge. We first start with setting up the problem in §2.

2. Dimensional governing equations

We consider two circular plates in axisymmetric coordinates with r being the radial coordinate
and z being the vertical coordinate across the gap. The gap height is 2i(r, t), with the bottom wafer
at z= —h(r,t) and the top wafer at z=h(r,t), symmetric about z= 0. The bond front propagates
radially at r = r7(¢) with velocity U = dr¢/dt. The pressure P(r, t) within the gap drives air escape,
with ambient pressure P(r — oo, t) = Py. A schematic is shown in figure 1.

The radial velocity v(z, 7, f) of air in the gap is governed by the Navier-Stokes equations under

the lubrication approximation (2h < r) [29],
9?v, 0P

’7? =9 (2.1)
where 7 is the air viscosity, where the usual approximations hold, namely that of no vertical
pressure gradient: 9%v,/3r* < 82v,/9z2, and no-slip boundary conditions apply at the inner
surfaces of the substrates: v, =0 at z==+h(r,t). In both gas- and liquid-mediated bonding
processes, the lubrication approximation in equation (2.1) remains valid as long as the gap height
2h is much larger than the mean free path A of the fluid (e.g. approx. 68 nm for air at atmospheric
pressure [30]).

For liquid-mediated bonding, the region of applicability of lubrication equation holds down
to the roughness scale of the substrates (often in angstroms [31,32]), where short-ranged adhesion
mechanisms (such as van der Waals’ forces) will noticeably contribute to the force balance
between the substrates’ elastic rigidity and the driving pressure pulling them towards each other.
This effect will manifest as conjoining pressure, applicable at a gap widths determined by van der
Waals’ forces with a Hamaker constant dependent on the adhering surfaces [33]. The treatment in
this manuscript does not treat this effect explicitly, and a quantitative justification for this is given
in §2b.

In a gas-mediated bonding process, lubrication assumptions remain valid provided we

consider length scales greater than the mean free path. At these length scales, lubrication theory
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Top wafer

Bottom wafer

Figure 1. Axisymmetric wafer bonding geometry for substrates of radius R (highlighted as distance from r = 0 by the grey-
dashed line). The gap height 2h(r, t) separates the wafers, with the bond front at r = r¢(t). Lubrication pressure gradient in
the gap drives the substrates towards each other, with P(r, t) being an effective loading, balanced by the bending rigidity of
the substrates. Beyond the edges of the substrates, ambient conditions can exist at some pressure Py. Blue arrows indicate the
quadratic flow profile that develops in the gap with no-slip boundary conditions imposed at the solids. The two substrates
release energy upon bonding, the adhesion surface energy per unit area on the unbonded surfaces, y, is shown on both
(assumed equal for both the surfaces).

still remains unaffected by van der Waals forces. At even smaller gap widths, the adhesion
front could be strongly influenced by van der Waals” or hydrogen bonds depending on the
charged species or dangling bonds present on the bonding surfaces [34], while free molecular
flow description would hold for the gas flow in gaps 21 S O(~ A). The quantitative justification
for excluding the conjoining pressure in this medium is also given in §2b.

(a) Driving pressure gradient

Integrating equation (2.1) with the above mentioned boundary conditions yields the well-known
Poiseuille flow,

1 9P

2 42
- (P _n 2.2
vr(2) 27 or (z ), (2.2)
which yields a volumetric flow rate of
h h 3

10P 4mrh® P
Qr, f) = 27'[1’/ vi(z)dz =277 = / 2 —1?)dg =T 2.3)

_h n ar Jo 3n or

This can be related to the dynamics of the substrate shape h(t), as Q(r, t) is directly influenced by
the gap closure,

@k | 190Q)

T , 2.4
ot r or 0 @4)
which can be rearranged to yield
oh 27 0 oP
P2 (2.5)
ot 3nror ar

Note that the time derivative gives a dynamical description of &, but the description of air flow
remains quasi-static from equation (2.2). Since Q at at r =1y should match the rate of volume of
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fluid displaced, a definition for depth-averaged fluid velocity U, can be written as

_Qmy
Uy = m, (2.6)

and equation (2.3) can be used to rewrite the pressure gradient as

aP  3yUy(r,b)

o hrt? 27

similar to the expression derived by [19] in two dimensions following similar physical
considerations.

(b) Governing equation coupling the lubrication pressure to wafer deformation

As the bond front progresses, squeezing out the fluid in the gap, each wafer deflects by h(r, t) with
bending stresses being balanced by the lubrication pressure gradient. Using thin-plate bending
theory:

ET®

DV*h =P(r,t) — P d D=——
) =FPo an 1201 = v2)

(2.8)
where E is the elastic modulus of the substrate, T the thickness, v Poisson’s ratio, D is the bending
rigidity [35, p. 42] and Py is the ambient pressure at the edges of the substrates. The biharmonic
operator [36, p. 143] in axisymmetric coordinates is used:
gy O N 20%n 1 0%h L Lon

Tort roard 2oz Boar’
while an equivalent expression for P(r,t) — Py, which acts as the loading in equation (2.8), has
already been derived in equation (2.7). Equation (2.7) takes the following form upon integration:

(2.9)

r 371Ud(”// t) /
P(r,t) — Py = — — 2 dr, 2.10
;) = Fo /Hrf e, 210

with an indeterminate upper limit. In the limit r — r;, we may define bond front velocity
U~ drs/dt. Near the bond front, we approximate Uy(r, ) ~ U, as the flow is dominated by the
front’s motion and the gap height changes slowly.

For small gaps where van der Waals’ or similar types of attractive forces become non-
negligible, the system shown in equation (2.8) could be augmented by adding a conjoining
pressure term as an additional loading term. The lubrication pressure gradient that is driving
the flow can depend on the velocity Uy, and thus on Q and /. However, assuming a steady-
state bond front progression (implying constant U), and with the approximation of U ~ U, the
pressure difference scales as h~2 following equation (2.10). In contrast, the velocity-independent
conjoining pressure from the van der Waals interactions scales as approximately Ha/ (6mh3) [37,
p- 267], where Hy is the Hamaker constant for a given pair of surfaces. With these conditions,
near the bond front, the viscous term grows as 1/h* while the conjoining term grows faster (1/h%),
potentially becoming dominant at sufficiently small h.

This conjoining pressure, arising from van der Waals’ or other interactions, can dominate the
plate’s deflection in the immediate vicinity of the bond front (r ~ r¢). The region where it might
compete with lubrication pressure is thus estimated. First, we use equation (2.10) to identify
the characteristic pressure differential in the lubrication domain as AP ~ 3nllR/h%ar_ﬁel 4 Where
we have made use of the approximation U; ~ U. The lateral characteristic length scale in AP is
taken to be the unbonded region (spanning upto the wafer radius R), and the far-field value of
the unbonded gap width h,,-fielq as the vertical length scale. Using the dynamic viscosity of air
1.8x10°Pa s, U=3cm s ! (from experimental literature [19,20,27]), R =150mm, h¢,pfield ~
10 pm and AP ~2.45 x 103 Pa. Thus, the determined AP can be equated with the van der Waals
pressure to find the approximate gap width /iconj below which, van der Waals’ adhesion acting
as conjoining pressure, may start competing with lubrication pressure to affect the bending.
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From such a balance, the vertical gap height hiconj ~ (Ha /67 AP)1/3, Using Ha =5.4 x 10297 (from
[33]), hconj & 11 nm. At such a gap width /iconj, the lateral length span of influence of conjoining
pressure lonj, can be estimated by considering the bending resistance from equation (2.8), while
using the mechanical properties of a silicon wafer as E=130 GPa, T=775um and v =0.28,
yielding D ~5.47N m. Equation (2.8) suggests balancing the pressure scale with the van der
Waals pressure as Dhconj/ (ZZC(,nj)4 ~Hgp/ 671h20n].. This balance yields lconj ~ 1.1 mm, ahead of the
bond front.

Similar comments may be made for bonding in the presence of moisture in the ambient
surroundings, or on the bonding surfaces. For instance, water monolayers on the bonding
surfaces [34] may spontaneously clump to form capillary bridges when the gap size approaches
a critical bonding-gap (called the Kelvin length [38]). With the presence of water either in the
form of capillary bridges, or as a uniform interlayer at the bonding surface, the continuum
approximation may only break down at length scales approaching the surface roughness of the
substrates (O ~ A). The effective H, in this region will take a different (smaller) value owing
to the presence of liquid medium, with the conjoining pressure’s region of influence analogous
to lconj determined above. Such a lateral span of influence, using a gap height 13 originating
from roughness of the surfaces undergoing bonding, and flexural rigidity D~ 5.47 Nm, can
be determined by balancing the van der Waals force with bending stress as Hyx /6nh3A ~

Dhy /(2lyq, con]')4/ where Hy ~ 10721 ] [39] for angstrom-level roughness of two surfaces. Using
hx ~0.3nm, liig, conj & 85 pm from the bond front. Since loonj < R in both cases, and both elasticity
and viscous dissipation generally act over the scale of the substrate size, we neglect the conjoining
pressure term’s contributions, and focus on the lubrication-elasticity framework governing the
far-field dynamics. The approximations for lconj indicate the limits of the model’s applicability
near the bond front, but allow a tractable analysis of the bond front propagation driven by
lubrication pressure and substrate bending.!

() Solution to the governing equation

A solution is sought to the governing equation (2.8). Carlson et al. [25,26] solved a similar
bonding problem of a thin film, in the framework of elastohydrodynamics, deriving a travelling-
wave solution for the ‘peeling’ front which a moving liquid-filled blister travels with in its
windward direction [25], and similarity solutions for the bonding or ‘adhesion’ front [26] which
happen to be on the leeward side of the liquid-filled blister. However, our integro-differential
governing equation has the same form as the governing equation derived by Rieutord et al. [19]
in planar coordinates, for wafers bonding owing to the lubrication-plane-strain coupling, albeit
with the additional terms owing to axisymmetric biharmonic operator. Rieutord et al. [19] non-
dimensionalized the system using a length scale I = /D/3nU before showing that a power-law
ansatz for the wafer shape in the scaled coordinates satisfies the governing equation. Here, we
show that this intermediate step of non-dimensionalizing the system is not strictly required, and
the power-law ansatz can be directly applied to the dimensional governing equation, but with
limitations owing to the axisymmetric coordinates.

The biharmonic operator in equation (2.8) is in axisymmetric coordinates. Owing to the
linearity of the operator V4, the solution can be expressed as a sum of a particular solution hy(r, t)
which accounts for the lubrication-driven pressure, and a homogeneous solution fy(r, t), which
satisfies V41, = 0. The latter may take a form

hy(r,t) = c1(H) 4+ co (7% + c3(t) Inr + cy(t)r* Inr, (2.11)

TNote that such estimations of AP above assume Uy ~ U over the entire unbonded region of size R. However, away from
the bond front where adhesion effects are negligible, equation (2.8) requires a balance between the bending term (approx.
Dh/R*) and the fluid pressure term (approx. nUsR/h*), which can only be satisfied if U; < U over much of the unbonded
region. This implies AP is probably an overestimate, and consequently /iconj and leonj may be underestimated. This issue is
left unresolved, since these quantities do not enter the subsequent analysis, and the main results discussed henceforth in the
paper are unaffected.
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where the terms in /1,(r, t) (the constants c1 2 3 4) could help capture the full shape of the substrate
far from the bond front with typical boundary conditions (free, rotation-only or clamped)
imposed.

Note that in terms of energy balance, the bond front’s propagation is favoured by high
adhesion energy of the surfaces, and opposed by viscous dissipation in the gap. Viscous flows
in corner geometries tend to have high dissipation approaching singularities in the corner [40].
This implies that dissipation far from the bond front has a weakening influence on determining
the bond front’s dynamics, and for simplicity in obtaining /,, a Cartesian approximation may
suffice near the bond front. From experimental observations by Rieutord ef al. [19] and modelling
of Radisson [22] (albeit both for one-dimensional bond front propagation), we can ignore Iy, and
use a monotonic shape for the solution /,(r, t) to the integro-differential equation (2.8).

Thus, for h, where a bonding surface is shaped by the governing equation in equation (2.8),
we seek a power-law solution for the unbonded gap, with its opening angle pointing towards the
direction of bond front propagation, and its origin pinned to the moving bond front’s location (in
this case, r = rf).

(i) Power-law ansatz

Since hy, is ignored, for simplicity we change the notation from , to /i, and in the vicinity of the
bond front, and propose the power-law ansatz

h(r, t) = A(r — 15)“, (2.12)
where A is initially introduced as a proportionality constant with dimensions of [L]'~%. Applying

the biharmonic operator to equation (2.12),

2
%I: =aA(r —rp)* 7, % =ale = DA )",

3 3 4 4
55 =ela =D =2A0—1m)*, 7 =ale =@ =-2)@=3Ar 1)
and Vih=Afr—rp)** [a(a - D@ =2)(«@-3)+ e - 1)(ar_ =)

ale —1)(r—r)?  a(r—r)
B r2 + r3 '

Near r ~ e — 1 L1, and r~ rf where viscous dissipation is concentrated, the dominant term is

Vi~ Aa(e — 1) — 2)(@ — 3)(r —rp)* (2.13)
This can be equated to the powers of r in equation (2.10):
3nU 1-2
P(r,t) —Pp= ——(r — “. 2.14
(1) = Po= 257 =17 (214)

Balancing the exponents in equations (2.14) and (2.13) yields & = 5/3. Thus in the region where the
stress balances, lubrication—elasticity dominates over molecular interactions (adhesive/repulsive
potentials [25,41]), and we get the final expression for substrate/gap shape as

h(r,t) = A(r — )/, (2.15)

This is the same exponent as found by Rieutord et al. [19], but the definition and meaning of
parameter A is different. While in [19] the governing equation was rescaled by length scale
I= 3,% (determined therein to be approx. 3000m) and A was determined to be a constant
(approx. 0.95), in the present paper we do not introduce I owing to its magnitude being fairly
unrepresentative of the problem (with standard wafers usually being 300 mm in diameter and
thickness (approx. 800 pm). Instead, the dimensional parameters present in [ in [19] are absorbed
in the now dimensional, parameter A.
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(i) Determining the parameter A

Parameter A can be estimated from the existing expressions by equating the pressure balances:
P(r,t) — Py from the flow description, with the pressure balance from DV*h.

Lubrication term: With h(r, t) = A(r — rf)5/ 3 known, the pressure differential in the flow can be
obtained from equation (2.10) as

r 3nU
P(r,t) — Po=— — - dr,
(r,t) = Po /rfAZ(r’—rf)loﬁ r

with boundary condition P(r — oo, t) = Py. Let u=r"— rf, SO d# =du, and limits change from

(2.16)

r’:rftor’:r,oru:Otou:r—rf,
3pu (T
P(r,t)—Po:—?/O w108 gy,

The integral is computed as —%uq/ 3 and evaluated with the limits

3 757 3 73 1 3 73
[_?” e A S S A

The limit at u — 0T at the bond front diverges, but this is expected and we may ignore the term
as the continuum approximation should cease to hold as /1 — 0. The first term remains finite,

Plr,t) = Po===7" <—§(r—rf) / ): Eyviaatid) /3, (2.17)
Bending term: Equation (2.13) with o =5/3 yields
40
4y _ -7/3
Vih=A- ﬁ(r—rf) 3, (2.18)
Finally equating equation (2.17) with equation (2.18), the (r — rf)’7/ 3 terms cancel,
9nU _ 40DA
7A2 81 7
L. 720011\ 1/3 L. . . ..
which is rearranged to get A = ( 50D ) . Writing out material constants in D explicitly,
1/3
2187pU(1 — v?
Ao (BEEUA =T (2.19)
70ET3

Note that the dependence of A on U implies a dependence of h(r, t) equation (2.15) on U. This
implies that a rising bond front velocity can inherently affect the shape, in particular where
parameter A then determines the local steepness of the substrate shape near the bond front.

3. Mechanisms determining bond front velocity

The bond front velocity (U) is determined by balancing the rate of energy release driving the
bonding process against the rate of energy dissipation in the system. Three components in the
former can be the rate of release of surface energy (Esurf owing to work of adhesion), and the rate
of energy gained by unbending the wafers (Eyqpend)- While the dominant dissipative mechanism
is the viscous dissipation in the lubrication layer (Ediss)-

The rate of surface energy released (for surfaces each with surface energy per unit area y) can
be expressed as

Egug=2mrsy U, (3.1)
which can be estimated using typical 7, y =0.1] m~2, and reported U [19,27] as approximately
103 W. The (un)bending energy per unit area can be written as Eynpend = %(Vzh)Z, where
D and h are known from equations (2.8) and (2.15). Using the mechanical properties of a Si
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(100) crystal with E=130GPa, T =775 pm, v = 0.28, it can be determined at some location half-
way through a 300mm wide wafer at rf ~7.5cm, to obtain Eynpend = 0.0008 ] m_2, which is
approximately two orders of magnitude smaller than y. Further, an estimate of E;npend can be
made as 2 1fUEunpend ~ 10~° W. Both Egnpeng and Eunbend bei.ng significantly lower than y and
Egsurf, we try to obtain the final expression for U by balancing Eg, soley with the rate of viscous
dissipation Egiss. The functional form of Egiss is determined from Poiseuille flow in the gap, in the
following subsection.

(a) Viscous dissipation rate

The dissipation rate per unit volume is n(dv,/ 9z)2, where vr(z, 1, t) is known from equation (2.2).
The viscous dissipation power is calculated over the gap from z = —h(r, t) to z = h(r, t), and radial
limits 7pwer and rupper- These radial limits will be clarified later in §3c once a functional form for

U has been derived.
From equation (2.2), the flow velocity gradient is
ad 1 dP oP
or_ =2 3.2)
9z 2;7 ar n or
which is used to define
Tupper h 81)«, 2
EdlSS =2 / / n| - ) rdzdr, (3.3)
Tower —h 32
where equation (3.2) is substituted. Integrating along z, we obtain
. 4 Tupper aP\?
Egiee = % / 3 <7) dr. (3.4)
3]7 Tower or

The term dP/dr can be substituted from equation (2.7) and & from equation (2.15), the integrand
in equation (3.4) evaluates to

aP\? 92U 92Uy
3(25 . A3(r— ). _ ) )
th ( ar> r-A%(r —ry) AXr =198 = Ay 1o (3.5)

This leads us to the final form for viscous dissipation power:

4 [Teeer  9n2U%r 127 nU? [ Tupper r
Ediss = — dr= — __dr. .

diss 3 '/7.10wer Alr — rf)5/3 A ‘/;lower (r— rf)5/3 r (3.6)

(b) Power balance between dissipation and adhesion

The dissipation rates Equrf and Egiss are balanced as
127 U2 [ Tupper r

2rrpylU=—"—1"— — __dr, 3.7
TIFY A '/Vlower r— Vf)5/3 T, (3.7)

which can be rearranged to obtain the functional definition of bond front velocity,
ry A
61y [P ar’

Tower (r— rf)5/ 3

U=

(3.8)

Here, we would like to highlight the parametric dependencies of U as in equation (3.8),
UxyAn~!, while from equation (2.19): A ' BUVBETIAT,

which can be rearranged to get

)/3/2

U o TLEV2T3/2°

(3.9)
These same parameter dependencies of E~1/2T~3/2 were also proposed by Bengtsson et al. [16]

based on balancing surface energy with sum of the wafer’s elastic potential energy and the
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gas’s kinetic (hence, molecular and not viscous) energy. Naturally since [16] did not consider
viscous dissipation in the gas, the bond front velocity proposed therein had no dependence
on 7. However, we show further that the solution for U in equation (3.9) and more crucially,
its parametric dependencies, are incomplete without carefully examining the integral limits in
equation (3.8).

() The radial limits of the high viscous dissipation zone
(i) Lower limit

As briefly alluded to in §2 and §2c, the lower limit of the integral may be assigned as 7y + ¢, where
€ is a short horizontal distance ahead 1t such that in the region [rf, rf+e), continuum (and hence
lubrication) approximation for the fluid does not hold. The gap truly closes to zero at rf, and the
substrate’s distance /1 at this location is h(rf + ¢€) = A(e)®/3. For bonding in ambient conditions, the
fluid could be air, such that 2 = 68 nm.

(ii) Upper limit

Using an upper limit of rypper = 00 in the integral in equation (3.8) results in U — oo with 7.
Moreover, infinite dissipation over an unbounded domain contradicts the finite energy release
rate, rendering rypper = 00 non-physical. Similarly, using an upper limit of rypper = R for the radius
of a substrate of finite size does not resolve the contradiction arising from rypper = 0o near r = rf,
since the distribution of viscous dissipation near the bond front must be similar regardless of
the size of the domain. Since viscous dissipation in this framework is the only way the system
spends energy for the bond front to progress, we instead use a different approach to treating its
influence, namely by deriving the cumulative viscous dissipation distributed along r between rf + €
and an indeterminate rupper = ¢ + 8.

(d) Cumulative viscous dissipation in the unbonded region
The power of viscous dissipation is given by equation (3.6) with specified limits:

127 nU? /ff“ r
T

LA (3.10)
A Fte (1’ - rf)5/3

Ediss =

Substituting u =r — rf, SO T =1+1f, dr = du, the integral becomes

Su4r B s
I:/ deuzrff u_5/3du+/ u=23 qu. (3.11)
us/3
€ € €

For a bond initiated at r =0, the bonded region extends over a few millimetres [42-45], after
which surface adhesion drives the bond front. For most of the bonding process, €, § < 1t where
rr~10mm to 150 mm. This scale separation allows us to introduce a stretched coordinate & =
u/e = (r —rg)/e, with du = € d§, and limits from & =1 (at u =€) to & = §/¢, the integrand becomes

utry €T om0 55 o553
P P3EE =€ & +e€ 1§ . (3.12)

Since r/e > 1, the second term dominates for a typical £. From evaluated I:
3 €\2/3
o 1/3/¢1/3_—~1/3 -2/3, .2 —_(=
[=3e1/3(513¢ 1) +e 2(1 (5) ) (3.13)
where the first term is negligible since ¢, § < 7, leaving only the second term in I, yielding

~3rf Y €\2/3
I~ e (1 - (3) ) . (3.14)
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Figure 2. Cumulative viscous dissipation (fraction) versus distance /¢, equation (3.16). The total amount of dissipation in
the fluid in unbonded region accumulates rapidly already close to the bond front. More than 95% of dissipation is accumulated
within first 100¢ of the unbonded region. The inset shows the same data butin log—log scale, with the x-axis zoomed in by factor
10, emphasizing very slow increase in the cumulative viscous dissipation beyond approximately 40¢.. The two plots are plotted
with a shared x-axis, the top axis (in blue) shows distance from the bond in dimensional units. The top (dimensional) x-axis has
been computed using § = 1000¢, and material properties for a standard 300 mm silicon wafer with crystal orientation (100) of
E =130 GPa and T = 775 jum, unbonded surface adhesion energy y = 0.1) m~2, which results in A = 0.0064 m~%/> and
€ = 0.684 mm (see §3e).

Thus, the dissipation power from equation (3.10) becomes

. 187 nUPry B
Egis = ——— (€ =572, (3.15)

The fraction of dissipation up to ¢ + §, relative to an infinite upper limit, is

-2/3 _ 8_2/3 en2/3
—5 :1—(5) . (3.16)

This non-dimensional fraction, plotted in figure 2, reveals that viscous dissipation is concentrated
near the bond front, within a dissipation region of width approximately 100¢. This localization,
driven by the steep pressure gradient where the gap is smallest, justifies selecting a finite 8, to
capture nearly all viscous losses in deriving U (§3e).

However, these relative terms are not fully illustrative of how far downstream from r¢ + ¢
this high-dissipation region is relevant. More importantly, the results are difficult to interpret
in practice, given that in industry, most semiconductor bonding processes are done on wafers of
diameters 200, 300 mm, and dies spanning approximately 10-50 mm laterally. To address this first,
we need to derive a more general expression for U. With a known value of U, we could estimate

Ediss,é €
E diss, o0

A, and thus ¢, from equation (2.15) via

3/5
2A€%® = A, which is rearranged to € = (ﬂ) , (3.17)

where it has been assumed /i ~ A. In ambient air, we use the value A =68 x 107 m.
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(e) Solution for U for infinitely long substrates

With Egjes re-parameterized by finite radial limits € and & in equation (3.15), we are now in a
position to balance Egjss and Eg,,¢ equation (3.1) to obtain

yA

= SrT 5Ty (3.18)

From figure 2, we may make a safe assumption that U is at best marginally affected by any
additional viscous dissipation occurring beyond 8§ 2~ 1000e. With this approximation,

8723 = (1000)73 =0.01¢ 7?3 and € 2/3 —572/3 =0.99¢72/3, (3.19)

Since € from equation (3.17) and A from equation (2.19) are known, we can write

1/5
(a5 (2187qua — )Y 6520
T 891y 70ET3 ! ’
and rearrange for U
2187\ /4 5/4(1 — 2)1/4
_ (28 i e ey V) (3.21)
70 (8.91)5/4yEI/A T3/4

This expression for U recovers the same scalings of the physical and process parameters as
Rieutord ef al. [19] and Poulain et al. [25], which are different from Bengtsson et al. [16] and Liao
et al. [24]. As noted in [19], experimentally found dependencies on n by Tong & Gosele [46, fig.
4.23], and on A [17] may also compare very well with equation (3.21).

Using typical values available in the literature for the adhesion energy y =0.1] m~?
[17,19,21,27,31,47], and known material properties of a monocrystalline silicon wafer (v =0.28,
T=775um, E=130GPa) and viscosity of air n=1.85 x 10~°Pas, U~3cm s~ . This is fairly
close to typically reported values (for similarly thick silicon wafers, comparable y and room-
temperature bonding) for example by Sato et al. [27], by Stengl et al. [48, fig. 3] for room-
temperature silicon-silicon bonding, experiments by Larrey et al. [23], and modelling results in
Liao et al. [24] using a hybrid lubrication-molecular description for the dissipation in gas. Typical
values of U from equation (3.21) for typically encountered parameter values are shown in figure 3.

Parameter A from equation (2.19) can be solved further by using the final expression for U
from equation (3.21), to obtain

( 2187 )5/12 <A>1/6 V5/12(1 _ U2)5/12

70 - 8.91 2 F5/aT5/A (3.22)

which gives a numerical value for A~ 0.0064 m~2/3, and € ~0.684mm in the constant U (or
steady-state) scenario. We can also now dimensionalize the distances shown in figure 2 to
illustrate that for the typical bonding parameters for a 300 mm silicon wafer, U is dominated
by dissipation energy concentrated in approximately the first 20-30 mm region ahead of the bond
front. Note that the above derived U allows for the dissipation region between € and § to move
along with the bond front, implying the effective dissipation region can remain of a constant
length. Such an ideal situation is rarely realized, as the region between € and § in the case of a
finite substrate will shrink as r; and r¢+e move towards the edge.

4. Discussion

(a) Deviation from the steady-state scenario at edge of finite substrate
(i) Towards the edge: in the limite < &

As the bond front approaches the wafer edge (rf — R), the lateral region available for viscous
dissipation shrinks. The upper limit in equation (3.10) needs to be replaced by a fixed coordinate
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Figure 3. Some values for U based on equation (3.21) are shown for material (Young’s modulus £, thickness T) and process-
relevant values of surface energy 3. The legend is shared between panels (a) and (b). All results in (a) are calculated using
T =775 wm, while those in panels (b) and () with £ =130 GPa.

R. The integrated Egiss from equation (3.15) can then be modified and equated with Equi as

187 nU2r
bl 8
A

2mrpy U= 2B R -1, (4.1)

which is rearranged for U
U= va ,
(e 2P — (R—17)2P)

(4.2)

while € has the same definition as equation (3.17) and A the same as equation (2.19). Since
A is a function of U, so is € via its dependence on A. Note that the numerical value of A
from equation (3.22) cannot be used, as it presupposed § = 1000¢ to obtain equation (3.21). This
nonlinear system in equation (4.2) can only be solved numerically to see a growth of U with .
The system is solved with £solve in MATLAB, and the results are shown in figure 4. For small s,
the results from equation (4.2) are close to the ideal bond front velocity from equation (3.21). The
differences grow with r, and are particularly pronounced in the last few millimetres. The figure
does not contain data beyond s~ 14.95 cm, as the solver diverges owing to a sharp increase in
the solutions sought. We also note that if the distance from the edge is smaller than ¢, continuum
approximation is not valid to define U(ry). Note that for smaller substrates, while U equation
(3.21) will remain the same, actual U(ry) may never be close to Un. Rather even at the location of
bond initiation r — 07, higher bond front velocities will occur, since for small substrates, § ~ R.

(ii) Towards the edge: in the limit § = €

Much closer to the edge, the approximation in equation (3.14) is invalid, since the extent of
dissipation region § ~ €. We focus on this region by introducing a small parameter s such that
d=€e(l+s)ands= 5%6 < 1. We rewrite the integral from equation (3.13):

1= 3%(64/3 — e +9)]1723) +3([e(1 + 5)]'/2 — €1/3), (4.3)
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Figure 4. Bond front velocity U vs. position r; near the wafer edge. The velocity rises as rr — R = 15 cm, indicating reduced
viscous dissipation, compared to the steady state U, & 3 (m s~ (dashed line, from equation (3.21)). Solid line is computed
from equation (4.2). All curves shown were computing using € = 0.684 mm and § = 100e. The inset shows a zoomed-in
region of the same plot closer to the edge.

and use Taylor expansions for small s,

2 5 1 1
(1+s)2P~1— gs + 552 and (1+s)3~1+ §S — §sz. 4.4
We compute the terms in equation (4.3) using the Taylor expansions:
-2/3 25 253 (2._ 22
€ —[e(1+59)] X3 —S— —§ (4.5)
39
and
1 1
[e(145)]/3 — elBrel3 <7s - =%, (4.6)
39
to rewrite [ as
1
I~rpe s (1 - %) + €73 (1 - §s> . (4.7)

The first term dominates on account of both large rs and small ¢, such that I ~ r¢e —5/3(5 — ¢€). Thus,
a modified Egjg is derived. Balancing Egjss with an unchanged Eg,,¢ yields U ~ yAed316n(8 — €),
which is simplified further by using the definitions of A and € to obtain

yA
Ur ——. 4.8
12n(8 —€) (48)
Since 7 is near the edge, ¢ is still truncated at the edge as § = R — 7y, resulting in
A
Y (4.9)

uwnn(R—rf—e)'

This inverse proportionality U oc (R — 1 — )~ will accelerate U at a different rate than that found
in equation (4.2). This asymptote in the limit § 2 € is plotted in figure 5 and also compared to U
near the edge for the previously considered limit § > .

(iii) Implications of the increase in U

The increase of U has also been reported in the literature and was even suggested to result from
a reduced dissipation region by [19]. It is understood to be one of the factors responsible for
condensing the ambient air close to the edge, which results in entrapped condensation voids—
a quality and yield issue in the industry. The mechanism behind condensation voids is the
Joule-Thomson effect, and one of the ways condensation voids are being tackled in practice
is by using an ambient gas with a negative Joule-Thomson coefficient [49]. It is remarkable

that the increase in velocity can be analytically reproduced using this steady-state framework
Downloaded from http://royalsocietypublishing.org/rspa/article-pdf/doi/10.1098/rspa.2026.0071/6139999/rspa.2026.0071.pdf

by Electronic Resources/ Acq Dept user
on 01 June 2026

LL009Z07 28/ 905 4 201 edsy/jeunof/BioBuysiqndiraposiefoy/:siny H



30 T T T T T T i

15 7 i
R B Uss.e yi T
@90t |- = Usx 10 F [

E ____ Uéwe = 7

S 15F Region 5 A/
bl <R22 g5 s sy 149 S
5L i

14.5 1455 14.6 14.65 14.7 1475 14.8 14.85 14.9
Bond Front Position ry (cm)

Figure 5. Close to substrate edge, the § 2> € asymptote of U is plotted in dotted—dashed blue curve equation (4.9), alongside
the previously shown increase in U (in figure 4 from equation (4.2), in green) and the bond front velocity far from edge U (from
equation (3.21), in red dashed line). The inset shows the cross-over of the two curves: the § 2 € is applicable as the rr — R
(post the cross-over point), while farther from edge, the green curve is applicable (region to the left-hand side of the cross-over
point). The top x-axis shows the distance from the edge in terms of multiples of €. The blue box indicates the region where the
representative expression for U changes from equation (4.2) to equation (4.9).

(a lubrication description with no time-dependence), but its accuracy needs to be validated with
experiments.

The analytical prediction of increase in U(ry — R) may be improved by keeping the unsteady
terms in the lubrication description equation (2.1) such that deceleration or acceleration of the
bond front will be fully coupled to the gas velocity at rs. A numerical implementation of such an
unsteady lubrication may also incorporate an ad hoc flow condition at r = R, where gas from the
bond gap meets the atmosphere and is subject to sudden expansion. Further, including kinetic
energy of the substrate in the total energy balance (§3b), alongside adhesion energy and viscous
dissipation, would also help capture the increased (vertical) speed of the substrate near its edge.

(b) Characteristic velocity and length scales

(i) Representative scale for U in the far-from-edge limit

While the ‘steady-state” solution for U (§3e), far from the substrate edge, recovers the scalings
found by [19,25] from energetic arguments, it is clear that full non-dimensionalization of the
system is not straightforward since the length scales involved span from sub-continuum near
the bond front, to the substrate size R where dissipation in the fluid layer can accumulate. To
fully generalize the bond front velocity across all regimes, we first use the expression for U from
the unsimplified energy balance. Balancing Egyrface = Ediss, the exact solution for U is

u ry A
61 [3%(6—2/3 _ 5-2/3) 4 3(51/3 — 61/3)] ’

(4.10)

which retains all terms in the dissipation integral I and is valid across both steady-state (5 > €)
and near-edge (8 ~ €) regimes. To achieve universality, we intend to define dimensionless groups
that capture variation in all material properties, and the shrinking dissipation region. Values of U
computed from this full expression are plotted in figure 5 for several values of material parameters
that can be readily used in experimental or industrial applications. In comparison to the velocity
profiles plotted in figures 4 and 5, the U profiles plotted in figure 6 show a region close to r=0
where the bond front velocity is not constant, but gradually increases to the steady-state values
derived §3e. The initially low U for small r in figure 6 occurs owing to domination of viscous
dissipation: the area of adhesion at low r is small, whereas the region of viscous dissipation
extends until R. Closer to the edge, the steep increase in U resembles the acceleration found in
the two approximations € « § and € < 8.
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Figure 6. Dimensional values of U computed from equation (4.10) using baseline properties of silicon wafers, unless otherwise
stated (T = 775 um, £ = 130 GPa, A = 68 nm, R = 150 mm and air viscosity 7 = 1.85 x 10~° Pass). In (a) T is varied; in (b)
Eis varied; in () mean free path of the fluid is varied; in (d) the substrate size is varied while in (e) the fluid viscosity is varied.
The general features of the plateau region of U at intermediate r, and a steep increase close to the edge are shown in all these
panels. The near-edge computations are only valid until rr = R — €, beyond which the continuum framework cannot describe
the dynamics.

Following the steady-state expression for U (equation (3.21)), we can define a characteristic
velocity scale,

Uscale = M A)l/zr (411)
nEV/AT3/4
where all the numerical pre-factors are dropped for simplicity. The results in figure 4.10 are re-
plotted in figure 7 with the U rescaled with Usc,je, and the coordinate rescaled with substrate
size R.

The rescaling of velocities in figure 7, U/Ugcale, brings the velocity-coordinate profiles much
closer to each other along the ordinate axis from figure 6 including the variations in T, E, A.
The abscissa in all the panels were also rescaled by the trivial length scale of substrate size R.
Strikingly, a complete collapse of the curves along both abscissa and ordinate is achieved while
varying n (figure 7, panel (e)). In panels (a—c), however, some deviations from a unified scaling
law curve are dominant in the centre region (bond initiation region) but more importantly in
the near-edge region where the velocities rise steeply. The scale Uy Over-compensates U in E
and T. While the varied curves for different A are under-compensated by Ugg,je near the edge.
This implies the influence of E and T should shrink close to the edge, while the influence of A is
relatively underemphasized in the characteristic velocity scale Ugcyle-

Thus we propose another length scale to define the governing dynamics for the acceleration
of U observed. This should capture a shrinking influence of E and T with r, or alternatively, an
increasing influence with increasing distance to the edge (R — 7). Since a molecular description is
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Figure 7. Profiles of U computed from equation (4.10), rescaled by equation (4.11) are plotted with scaled distance to the
substrate edge (R — r¢)/R for the same parameter sets as shown in figure 6. As the vertical collapse of the curves compared
to figure 6 shows, using Uscale as the velocity scale indeed captures most of the parametric variation in U. Notably this velocity
scale, however, does not collapse the curves near the edges, as shown in insets of panels (a—c). The deviations from a universal
curve in panel near (R — rr) — 0also indicates the unsuitability of R as the representative length scale. In panel (e), we find
a complete and unambiguous collapse of all the curves while varying 7.

not contained in the lubrication framework described in the paper, A can only enter the definition
of this new length scale owing to the role it plays defining the cut-off region at ry + €.

(i) Characteristic length scale close to edge

Inspired by the work of Poulain ef al. [25], who introduced a natural length scale near the adhesion
front using the Hamaker constant to balance elasticity against van der Waals” adhesion, scaled
by the equilibrium gap height where attractive and repulsive disjoining pressure components
equilibrate, we propose an analogous length scale I tailored to the near-edge dynamics of our
system. In their framework, the length scale emerges from the interplay of intermolecular forces
and elastic deformation, providing a characteristic length for the adhesion front. Our approach
adapts this, recognizing that the lubrication model employed here lacks a repulsive term, thus
necessitating a different balance. We consider the macroscopic work of adhesion, represented by the
adhesive pressure y /A, balanced by the bending pressure exerted by the wafer’s elastic response,
approximated as DA/I?. This balance yields a length scale . that characterizes the lateral extent
of the adhesion front within the continuum regime:

o\ 174
le= (DA) , (4.12)
y

which is independent of R and shrinking §, focusing instead on the intrinsic material properties
and the molecular scale A, making it particularly relevant as the bond front approaches the edge
(rf = R).
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Figure 8. Bond front velocity profiles from figure 7 are plotted against rescaled distance to substrate edge (R — r¢) /I, using
the definition in equation (4.12). These two scales along the respective axes achieve a convincing collapse of the accelerating U
close to bond front, with variations shownin T, £, A and R. This length scale worsens the collapse in the far-from-edge regime,
asitis a representative length scale only close to the bond front. The insets in each panel above show a zoomed-in region of the
same plots shown in the main figures.

The efficacy of this length scale is demonstrated in figure 8, where the radial profiles of
U/Uscale, originally depicted in figure 7, are re-plotted against the rescaled distance (R — r7)/Ic
near the bond front. This normalization results in an excellent collapse of the steeply accelerating
U in the near-edge region, where the dissipation length § becomes comparable to €, and the
continuum framework is less applicable. The improved collapse of the curves for variations in
T, E, A and R underscores the appropriateness of I. as a characteristic length scale for this regime.
Conversely, the collapse deteriorates in the far-from-edge region, which is expected given that /.
is designed to capture the physics of the adhesion front’s terminal behaviour. This degradation
arises because /. does not account for the larger-scale geometric effects dominated by R in the
far field. The influence of the shrinking § becomes pronounced only as 7f + € approaches R,
reinforcing the scale’s relevance to the near-edge dynamics.

Note that the scale being used in figure 8 loses A dependence, and is written (using
equations (4.11)—(4.12)) as

V3/2
nEl/ZTS/Z’

(R —r5)
uscalelif ~(R- rf)(l - V2)1/2
¢

(4.13)
which for E and T, are rather strikingly the scalings derived by Bengtsson ef al. [16] (also in §3b) in
the absence of viscous dissipation. This signifies a different physical mechanism taking over the
front’s progression velocity, as any source of viscous dissipation vanishes towards the near-edge
limit.

This change in the governing velocity scale implies a transition region between the viscous-
dissipation dominated regime and the adhesion-driven regime. In the near-edge regime with
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8 ~ €, equation (4.9) relates to the viscous-dominated scale Ugg,e from equation (4.11) as

Usve _ 1 L (4.14)
Uscale 123/4 R — rf —€’ '

where the definition of I has been used from equation (4.12).

(c) Potential experimental realizations and possible outcomes

The model development throughout this paper assumes an ideal configuration with both wafers
‘free-hanging’ such that at the bonding interfaces, forces of adhesion act on the compliant
substrates and drive the front ‘naturally’. This is highly non-trivial to achieve in experiments—
this section covers possible set-ups to realize this.

(i) Minimizing the tool influence on natural bond front propagation

Wafers in a tool are typically kept constrained to prevent them from sliding—either with vacuum
at several contact points on their backside, or with electrostatic forces [50,51] in the case of
high-vacuum tools. In both cases, the severity of tool-interference towards ‘natural” bond front
progression comes from both the surface on which the wafers are kept constrained, and the
magnitude of force that is used to enforce such a constraint.

Thus the first condition to be met is to minimize the contact area between the wafer(s) and
the supports holding the wafer during the bond front’s progression (henceforth referred to as
wafer table). This can be achieved by having little contact between wafers” backside and the wafer
table—for example, by having a very large number of contact points with small surface area, and
a rough surface finish to minimize van der Waals’ type adhesion occurring between the wafer
backside and the wafer table.

Alternately, the wafers can be kept floating or deflected away from the wafer table by means of
a small gas pressure on the backside. In this case, the substrates can be held weakly constrained on
the wafer table using a weak clamping force (vacuum, electrostatic or mechanical) only along the
wafer periphery, which is weak enough that the wafers could be ‘peeled-off” from the constraints
on a wafer table, when the bond front approaches the edge.

In general, it may be easier to keep at least one of the substrates firmly constrained, and letting
the other bond to it. While the physics remains the same, this scenario changes the bonding
geometry slightly. Its influence on the bond front velocity is discussed in the next subsection.

(i) Effect on bond front speed of imposing a (flat) shape on one of the substrates

Another geometrical effect affecting the bonding process in practice, is an imposed shape on one
of the substrates. This is the case for both wafer and die bonding, where a device substrate is
bonded to a target which can be a carrier (that we call ‘bottom’” substrate for now) that is kept fixed
and calibrated. In such a situation the bonding substrate (or "top’ substrate) remains compliant,
while the bottom substrate can be assumed to be rigid. The schematic is shown in figure 9.

When the bottom wafer is imposed as flat and rigid, the gap height is determined solely
by the compliant top wafer. The gap size available for the air to squeeze out is halved, and
consequently so is the volume flux of the escaping air Q/2. The lubrication description and
dP/dr are unchanged, such that the same power law A(r — rf)5/ 3 describes the top wafer’s shape.
The functional form of A is also unchanged and Egjss is halved on account of the z integrals
evaluated between 0 and /1 (compared to equation (3.4)). The integral definition of U equation (3.8)
doubles on account of half the viscous dissipation power. Finally, equating the reduced E g
with an unchanged Eg, and solving for U with the same approximation § = 1000¢ to capture
all viscous dissipation, but now modified € = (A /A)3/>, we obtain a bond front velocity which is
27/4(approx. 3.36) times larger than the expression derived in equation (3.21).
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Top wafer

Py

Bottom wafer

Figure 9. Bonding geometry with a bottom substrate fixed to a rigid support. The gap height h(r, t) is the distance between the
top compliant substrate and the flat bottom substrate, with the bond front at r = r(t). The positionr = r¢ + € marks where
h = A (the mean free path in air for bonding in air), not to scale. Pressure P(r, t) drives air escape against ambient pressure
Py. Blue arrows show the Poiseuille flow profile. Both surface have adhesion energy per unit area of 3.

5. Conclusion

To conclude, this paper describes a lubrication—elasticity treatment of bonding dynamics with
the assumptions of steady-state gas flow description, and linear elasticity. Without explicitly
accounting for adhesive forces, the two mechanisms that balance the stresses in the fluid and
the plate, are the lubrication pressure gradient and the plane-strain bending stresses. While the
approximation Uy ~ U used here will not hold throughout the unbonded gap, this approximation
is used in the stress balance in the region near r¢ to derive a power-law shape (approx.
(r— 1’f)5/ 3) of the substrate in the region close to the bond front, similar to the result derived
and experimentally supported by Rieutord et al. [19]. Note that a full fluid—structure interaction
may reveal another shape, subject to the imposed boundary and ambient conditions (for instance
from matching the lubrication region appropriately with the sub-continuum regime near the bond
front, and the ambient outside the confines of the finite substrates).

Next we derived the bond front velocity in this framework by balancing the energy dissipation
rates from viscous dissipation and work of adhesion. While the work of adhesion can be a
constant for a given pair of surfaces, the viscous dissipation acts over an extended region ahead
of the bond front. We show that a careful accounting of the length of this dissipation region is
essential to describing the observed velocity that the bond front will eventually exhibit at the
gap heights where this continuum framework is valid. By computing the cumulative viscous
dissipation, that such a region § of high dissipation which determines U is concentrated over
several distance units € ahead of the bond front, where ¢ is the lateral distance between the
point of true gap closure (h=0) and where continuum framework starts to apply (i.e. where
h is equivalent to mean free path of the fluid), we show that using this concept of cumulative
dissipation, or the lateral region §/¢ to determine U, gives the model much more adaptability in
determining the variation of U with the bond front’s location 7. In particular, the acceleration of
bond front velocity, which is often seen in experiments, can surprisingly be shown here despite
starting from steady-state assumptions in the model. Two limits were identified in the near-edge
limit, namely when § > €, and when § 2 €. The increase in U with decreasing distance from edge
R — 1y was shown in these two limits. The near-edge acceleration couples to the substrate shape h
via the dependence of A on U. Thus, an acceleration of the bond front can create a local increase
in the steepness of the substrate shape—which (as mentioned in §1) could be a contributing factor
to the condensation voids created by isenthalpic expansion (Joule-Thomson effect) of gas volume
in the bonding region, typically reported near the edge [49].

Finally, we have tried to describe the unifying velocity and length scales for bonding dynamics
discussed in this paper. We showed that a velocity scale Uy, is readily identified from the
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expression for steady-state bond front velocity, which could capture much of the parametric
variation in U computed for several relevant material properties, including substrate thickness
and Young’s modulus, and the mean free path and viscosity of the fluid. Further, we found that
while the trivial length scale in the system, the substrate size R, could approximately capture
the radial variation of U in far-field, close to the bond front, this is not a representative length
scale. This becomes apparent close to the bond front approaching the edge of a finite substrate,
where § shrinks and molecular scales ought to become more relevant to the bond front dynamics.
We introduced a composite length scale (also called natural length scale) I. similar to the one
introduced by Poulain ef al. [25] to balance the macroscopic work of adhesion with bending
stresses, albeit acting over a different vertical distance of A (mean free path in our case). It is
shown that the lateral length scale non-dimensionalized by I achieves an excellent collapse of the
radial profiles of U/Usye close to the edge, including the steep acceleration.

As an outlook, the general description of the dynamics may be improved by using an
unsteady lubrication equation. The description of substrate dynamics can be more detailed
by considering inertial effects, i.e. not just accounting for its potential energy via bending
stresses, but also its kinetic energy spent in closing the gap. Further, clamping-like boundary
conditions via imposing specific bending moments, and strain-distributions from plate theory,
could improve both accuracy and predictive power of the model. If nonlinear elasticity could
be included to extend the model to thin plates, it would make the model more useful for
instance in die-bonding, in applications involving thin-plate adhesion in flexible electronics, or
any industrial process involving coating over air or adhesive materials. This framework finds
is natural limitations close to the bond front, where the gap height would go to 8-10nm in the
case of hydrophilic bonding [34], and to the size of surface roughness (sub nanometres) in the
case of dry bonding. As a result, this paper focused on the lateral region extending beyond rf + ¢
where € denoted the distance from the region with gap width equal to A, to the point of true gap
closure, such that ¢ delineated the regions between the molecular and continuum description
of the gas flow. It is pertinent to note that in hydrophilic bonding, capillary bridges formed
by residual monolayers of water near the bond front contribute an additional attraction via
capillary condensation. However, at these nanoscale separations, capillary bridges are effective
at bonding two surfaces only when the local surface separation falls below the Kelvin length,
requiring elastic accommodation of surface roughness asperities [38]. Consequently, both the
lateral extent of influence of these capillary/hydrogen-bonding forces and the overall bonding
dynamics depend strongly on surface properties: on smoother surfaces (smaller RMS roughness),
uninterrupted capillary bridges [52] may form more readily, with their shape at the leading edge
determined by surface tension [53]. While their influence on substrate-bending close to the point
of true gap closure in the region 1 — 0 (towards trailing edge of the capillary bridges) may be more
confined than that in the dry conditions (see /jiq, conj ~ O(tens of microns)) from §2b, the stronger
attractive force provided to the substrates by capillary adhesion will strongly affect the bending
and bonding dynamics at the leading edge of the capillary bridges. Thus, during bonding, they
may effectively contribute to adhesion over a relatively larger effective area, than on rougher
surfaces.
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