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Abstract: Transfer printing of thin films on an electrode substrate such as graphene on as-
grown metal substrates in an electrolyte solution environment by applying an electrical field
has provided a facile manufacturing technique to attain a precise delivery and assembly of thin
film-based structures in a broad range of materials. The technique is underpinned by the
electro-chemo-mechanical interfacial delamination, yet the fundamental theory is lacking. In
the present study, we have established a comprehensive electro-chemo-mechanics theoretical
framework of film detachment from various electrode substrates in an electrolyte solution
environment. The bubble nucleation and subsequent kinetic growth due to the electrolysis of
solution are first proposed and incorporated into the crack propagation of interface to predict
the delamination of film from inert metal electrode substrates. Then, the film detachment
induced by electrochemical etching to both interfacial bonds of film/electrode substrates and
electrode substrates with chemically active metal materials is systematically investigated. The
etching resultant kinetic model of bond breaking and failure is developed and also coupled with
the bubble growth-induced interfacial delamination to describe their synergistic effect on the
film detachment from electrode substrates with both types of electrode materials and polarity
(i.e. anode or cathode). Afterward, we have implemented the electro-chemo-mechanics models
into finite element method though a subroutine program. Computational results show
remarkable agreement with theoretical predictions for both delamination mechanisms of
solution electrolysis and electrochemical etching, regardless of materials of films, substrates
and electrolyte solutions, and also are well confirmed with experimental results from literature
in a good consistency. Further, a mechanical peeling force model equivalent has been
developed to quantitatively estimate the electrochemical reaction-induced delamination and to

discuss the application capacity of electrical field assistant transfer printing. The established
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electro-chemo-mechanics theory is expected to lay a foundation for quantitative understanding

and controlling of transfer printing of thin films by the electrochemical field.

Keywords: electro-chemo-mechanics theory; transfer printing; interfacial delamination;

bubble nucleation and growth; electrochemical etching.

1. Introduction

Transfer printing is a technology of picking up a material from a donor substrate and releasing
it onto a receiver substrate with the help of an intermediate soft stamp (Carlson et al., 2012)
and is the foundation in the manufacturing of almost an entire class of wearable technologies,
in particular, film-based flexible electronics and devices (Fan et al., 2008; Jung et al., 2010;
Nam et al., 2009; Wie et al., 2018; Yoon et al., 2015). From a mechanics point of view, transfer
printing is a delamination process with a competing fracture path along the stamp/film interface
or the film/substrate (donor or receiver) interface. A successful transfer requires the higher
adhesion strength at the stamp/film interface than that at the film/donor interface, and once the
stamp is peeled off, the delamination at the film/donor interface will occur, leading to the
pickup of the film onto the stamp. In the subsequent printing step, a stronger adhesion strength
at the film/receiver interface than that at the stamp/film interface is required to leave the film
onto the receiver substrate when taking off the stamp. Over the past years, numerous assistant
technologies are developed to improve the yield and control precision of the transfer printing
technology by regulating these delamination competitions at interfaces. For example, applying
a kinetic or shear loading to the stamp proves to modulate the adhesion strength due to the rate-
dependent viscoelastic properties of the soft stamp and has been utilized to control the transfer
printing of thin films (Chen et al., 2013; Meitl et al., 2005). A series of environmental assistant
approaches have also been developed to control the transfer printing by leveraging responses
of interface delamination to external environment stimuli. For example, on the basis of the idea
of the thermal mismatch between two different materials, thermal-assistant transfer printing is
proposed, where the heating stimulus is introduced to initiate the separation of device
components from the stamp (Tian et al., 2012) (Xu et al., 2016). Chemical etching is another

popular means to help release films by chemically etching a well-designed sacrificial layer or
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the donor substrates and has been widely used in the transfer printing of 2D materials
(Mahenderkar et al., 2017) (Yoon et al., 2010) and the deterministic assembly of multilayered
structures and large-area flexible electronics (Hwang et al., 2014). Recently, an electrical field
is applied to control the chemical reaction-induced delamination of interfaces, referred to as
electrochemical transfer printing. This electrochemical reaction could lead to a highly
controlled interfacial delamination by adjusting the applied voltage in a high accuracy and
proves to be particularly powerful to detach a large-scale ultrathin film from electrode substrate

(Gao et al., 2012; Lu et al., 2019; Zhang et al., 2018b).

To provide a quantitative guidance of these transfer printing technologies, several
theoretical mechanics models have been proposed to describe interfacial delamination of films
from substrates in dry air conditions by considering elasticity (Peng and Chen, 2015) and
viscoelasticity of films (Afferrante and Carbone, 2016; Peng et al., 2014), heterogeneous
structures (Xia et al., 2013) and micro-adhesive structures (Qian et al., 2017; Xue et al., 2015)
of films, and interfacial friction/sliding (Begley et al., 2013; Yao et al., 2008) between films
and substrates. For the transfer printing in a liquid environment, we have established theoretical
models that are coupled with the physical capillary interaction (Park et al., 2021; Zhang et al.,
2017b; Zhang et al., 2020) or the kinetic chemical reaction (Wie et al., 2018; Zhang et al., 2019)
between liquid and solid materials and mechanical deformation of thin films. Similarly, in the
electrochemical transfer printing, it is expected to be a synergistic process of interfacial
delamination from breaks of interfacial bonds or etching of substrate, electrolysis of solution
solvent such as water associated with bubble generation and growth, and mechanical
deformation of films in an electrical field, but the underlying fundamental electro-chemo-
mechanic theory is lacking. It should note that most of the existing work on electro-chemo-
mechanics is primarily focused on the damage and fracture in bulk materials, such as the li-ion
battery and electrode materials, and is incapable of describing detachment of films during the
electrochemical transfer printing. For example, in the study of failure in electrode materials,
the coupling of ion diffusion field with mechanical field in elastic solids is emphasized to obtain
a modified J-integral and energy release rate (Gao and Zhou, 2013; Xu and Zhao, 2018; Zhang

et al.,, 2017a). By contrast, in electrochemical transfer printing of films, the electrochemical
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reaction could occur in the liquid solvent itself, such as the electrolysis of water (Mickle et al.,
2019; Wang et al., 2011), where oxygen or hydrogen bubbles are generated at the interface of
film/electrode substrates, and provide a driving force to delaminate the interface. Usually, this
bubble generation-induced interfacial delamination is coupled with bonding breaks of interface
by electrochemical etching (Cherian et al., 2015a), which is also beyond the capability of the
existing electro-chemo-mechanics models. More importantly, ion diffusion into solid materials
of both film and substrate during the electrochemical delamination process in transfer printing
is not allowed because it will cause damages or containments to films or affect reusability of
substrates. An electro-chemo-mechanics theoretical model that enables the description of

detachment of films from substrate for the electrochemical transfer printing is needed.

In the present study, we have established a comprehensive electro-chemo-mechanics
theory of film detachment from an electrode substrate in an electrolyte solution. The details of
theoretical development of electro-chemo-mechanics model are presented in Section 2. First,
the interface delamination driven by a bubble force from the solvent solution electrolysis is
elucidated. A bubble nucleation and growth model is proposed and incorporated into the
interface to predict the film detachment from inert metal substrates. After that, a kinetic etching
model is developed to describe the interface delamination driven by electrochemical reaction
between electrolyte and active metal materials of either substrates or interfacial bonds between
substrate and film. Further, these mechanisms of interfacial delamination by the bubble growth
and electrochemical etching are coupled through the superposition of crack propagation at
interface. In Section 3, the finite element model is developed to simulate the interfacial
delamination process between film and electrode substrates by implementing the electro-
chemo-mechanics models through the DISP subroutine program of finite element software
package ABAQUS. Theoretical predictions, simulation calculations, and experimental results
from literature are compared and discussed in Section 4. In Section 5, extended discussion on
the capability of electrochemical delamination-driven transfer printing approach is given by
proposing an equivalent mechanical peeling model. Concluding remarks are given in Section

6.



2. Theoretical framework

Fig. 1 (a) illustrates the concept of transferring a thin film by an electrochemical method. The
electrochemical reaction cell consists of a pair of electrodes including a donor electrode
substrate attached by a film (to be transferred) and a chemically inert plate as the counter
electrode and an aqueous electrolyte solution. A direct current (DC) voltage AU is applied to
the electrodes and will lead to detachment of the film from the donor electrode substrate. There
are two electrochemical reaction-induced delamination mechanisms. The first one is the
electrochemical reaction for the liquid itself, such as the electrolysis of water. Under an
electrical voltage, oxygen or hydrogen gas bubbles near the interface of electrodes will be
generated. The burst of these bubbles will provide a persistent force to break the interfacial
adhesion between film and substrate, and leads to the interface delamination, as illustrated in
Fig. 1 (b). For example, for a PMMA/graphene film on a copper (Cu) electrode substrate in an
aqueous solution of K»S»Og electrolyte, under a voltage of 5V, hydrogen bubbles were
generated at the graphene/Cu interfaces and led to the film detachment (Wang et al., 2011).
The second mechanism is the electrochemical etching to electrode substrates or interfacial
bonds between film and substrates. Fig. 1 (c) illustrates the electrochemical etching to
interfacial bonds. This etching could break the interfacial adhesion between film and substrate
and leads to an interface delamination. For example, for a PMMA/graphene film on a Cu,O/Cu
electrode substrate in an aqueous solution of NaCl electrolyte, the film delamination was
observed under a voltage of 2.6V, and was caused by the electrochemical etching to the oxide
layer of Cu20O (Cherian et al., 2015a). Depending on the electrochemical reactions of electrodes
in the electrolyte solutions, these two mechanisms of solution electrolysis and chemical etching
could be coupled together and contribute to the delamination of films. We will show the

establishment of their mechanics models below in detail.

2.1 Bubble transfer mechanics model

When the applied voltage could provide a minimum energy required to break the
thermodynamics balance, as illustrated in Fig. 1 (b), the electrolysis of water will begin to
generate oxygen gas at the anode and hydrogen gas at the cathode via

4H,0 + 4e~ o 2H, + 40H~ (at cathode); and 2H,0 — 4e~ < 0, + 4H*(at anode) (1)
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This kind of reaction usually occurs in neutral salt solutions such as NaCl solution (Liu et al.,
2016), and the required minimum voltage is AU® = 1.23V (Fisichella et al., 2014). When the
solution is alkaline solution such as NaOH solution that helps increase electron transports in
the electrochemical cell, the electrolysis of water will be conducted via 4H,0 + 4e™ &
2H, + 40H™ (at cathode) and 40H™ — 4e* & 0, + 2H,0 (at anode) (Peng and Wei, 2020).
Note that an acid solution is usually not a good choice in the electrolysis of water because it

will not only consume the electrode substrates but also increase the power loss in the reaction.

Once the gas generates near the electrodes, it will aggregate to a gas cluster after the
dissolution of gas molecules reaches a supersaturation condition in the liquid solution, and the
gas cluster will increase with the continuous generation of gas. Beyond a critical size, the
cluster will nucleate into a stable gas bubble. Fig. 2 (a) illustrates the bubble nucleation and
growth process, to determine the interfacial crack propagation process, in our model, we
assumed that the bubbles would nucleate and distribute uniformly on the flat surface of
substrate (Fisichella et al., 2014), and the produced gas in the reaction would diffuses equally
into the bubbles. We should note that the bubbles could nucleate on specific sites such as the
imperfections on the surface or pre-existing bubbles in practical applications (Brussieux et al.,
2011). When the bubble nucleates at the interface, the nucleation theory needs to take into
account the effect of both substrate surface and interfacial adhesion (Vachaparambil and
Einarsrud, 2018). And therefore, the variation of the total energy in the nucleation process of

the gas bubble can be obtained via:

AGrotar = AGgyrface + DGhuik + DGO crgek (2)
where AGgyrrqce 18 the overall surface free energy of gas bubble, and assume the bubble is
spherical, we have AGgyyface = 2nr2(1 + cos(m — 0))yy + nr?(sin(m — 6))?y cos(mw —

0)(Vachaparambil and Einarsrud, 2018). r is the radius of gas bubble, 6 is the contact angle
of gas bubble on the electrode substrate, y,; is the surface tension of gas bubble in liquid

solution.  AGp,, i1s the bulk free energy of bubble and AGyy =

-3 —(cos(m—0))3+3cos(m—6)+2
3

AG,. AG, denotes the energy difference between the gaseous

and dissolved states of the gas molecules in the bubble and thus is negative. AG® . qck 1S the
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change of free energy due to the creation of new interfacial crack between film and substrate,
where the film is assumed to be two-dimensional with wuniform properties.
This AG®. 4k represents the change of total adhesion energy at interface (Vlassak et al., 2005)
and equals to the adhesion energy per unit area G, times the new area of crack. As shown in

Fig. 2(a), the length of new crack by a single bubble in the propagation direction is the radius

of bubble r, and the length in the width direction is the diameter of bubble 2r at 6 > g

Therefore we can have AG°,,qcx = 27%G,. And the total energy in Equation (2) becomes:
AGrorqr = 2mr?(1 + cos(m — 0))y,y + nr?(sin(mw — 0)) %y, cos(m — 0) + @

-3 —(cos(m—0))3+3 cos(m—60)+2

. AG, + 212Gy = m(—(cos(m — 8))3 + 3 cos(m — 6) +

3
2)(r*yg + 5 4G,) + 2r°Gy 3)

Generally, both AGgyrfqce and AG 0 rack increase with the increasing of the radius » of

bubble, but AGy,;, decreases, as shown in Fig. 2 (b). As a result, AG;,rq; Shows a decrease
after an initial increase to the maximum energy G, at a critical radius 7. This non-monotonous
variation suggests that the bubble growth is not an energy favorable process at r < 1y, where
the associated gas cluster will be dissolved into the liquid; At r > 7y, the gas cluster gains a
sufficient energy to overcome the energy barrier G, and its continuous growth to a gas bubble

becomes energetically favored. Take the first differentiation of AG.,¢,; With respect to 7 in

Equation (3), we will have W = n(—(cos(r — 6))® + 3 cos(m — 6) + 2)(2ry, +

rZAGv) + 4rG,. And assume the gas bubble as a sphere with 6 = m, we will have 48Gtotar)
2 d(AGtotal) _ . . . X
8nryg, + 4nr<AG, + 4rG,. Let - = 0, we can obtain the nucleation radius 7y:
2Ty g1+G
o = —# “4)

Substituting Equation (4) into Equation (3) with 6 = m, we have the maximum energy barrier

Gg:

3
4vg1 2TV gitGoyo,  4TAGy (2TYg1+Go 21y gi+Goy o
G, = g — 2Go(——— 5

a T ( AGy ) 3 TAG, + 2Go( TAG, ) ®)



Fig. 2 (c¢) shows that both the maximum energy barrier G, and critical radius 1, increase with
the increasing of the interfacial adhesion energy G, suggesting a more difficult nucleation of
the bubbles. We should note that at G, = 0, there is no interfacial delamination, and the

nucleation energy in Equation (3) becomes AGyprq; = m(—(cos(m — 6))3 + 3 cos(m — ) +
3
2)(r¥yg + %AGU) , and W = n(—(cos(m — 6))® + 3 cos(w — 0) + 2)(2ry, +

_ 2Y g1
AGy

rzAG,,). Therefore, the obtained nucleation radius will reduce to 1y = , which is

independent on the contact angle and well consistent with that in the classical nucleation theory

(Kelton and Greer, 2010).

After the nucleation, the gas bubble will grow because of the gas diffusion from the
electrolyte solution. Assume a uniform distribution of gas in electrolyte, the gas concentration
Cs 1s:

acs _ o _Ja
at Ve Vg (6)
where Vs is the electrolyte volume, J, is the gas production rate by the electrolysis of water

I jSr
NnFyNp  nFgNp’

and is a function of the current density 1. J, = where j is the current density,

S, is the reaction area, N} is the number of bubble distributed in the width of film, # is the
number of electrons involved in the reaction, and F, is the Faraday constant. J; is the net gas

flux rate into the bubble and can be related with the bubble growth via (Taqieddin, 2018):

=19 _ prp2e &
Ja = a dmrecy at (7)
where ng is the amount of gas in the bubble, and ¢;, is the concentration of gas in the bubble.

The difference of pressure between inside and outside the bubble is balanced by the surface
tension of bubble, which gives AP = P, — Py = @, where P, = c,RT is the pressure inside

the bubble, R is the universal gas constant and P, is the pressure in the solution, and we can

PoT+2Y 41 . . . .
have ¢, = ——Z . With Equation (7), Equation (6) can be rewritten as:
% _JSr _ 477:7'(P0r+2yg1) E (8)
dt ~ nFaNpVs RTV, dt

Equation (8) indicates that the bubble growth rate % can be determined by the current

density j in the reaction which is a function of the applied voltage AU (see Appendix A),
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where the center of the bubble is assumed stationary during the process of bubble growth.

Further, the net gas diffusion rate J; is the composition of the rate of the gas diffused into
the bubble and the rate of the gas diffused out of the bubble. The diffusion rates of gas into and
out of the bubble can be incorporated into their activation energy barriers (Kadyk et al., 2016).
The activation energy for the gas diffusion across the surface of bubble with a radius 7 into the
bubble is AGy, = AG;,,” + (1 — B)(AG, + AG,,.), where AG;,” is the activation energy for
the gas diffusion across an infinite large liquid-gas interface from liquid phase to gas phase,
AGg and AG., represent the free energy contribution from the increase of bubble surface area
and interfacial crack area respectively. Similarly, the activation energy for the gas diffusion out
of the bubble is AGyy = AGyy:” — B(AGs + AG,,), where AG,,;” is the activation energy
for the gas diffusion from gas phase to liquid phase, AG; is the increase of bubble surface
free energy per molar gas diffused into the bubble and AG,, is the increase of energy due to
the creation of a new interface crack per molar gas diffused into the bubble. In both AG;,, and
AGyye, P 1s a constant reflecting the asymmetry of the energy barrier and it is taken as 0.5.

Therefore, the gas diffusion rate into the bubble is (Talapin et al., 2001):

2 (—(1—3)(AG5+AGCT))
Jin = Anr*kincge RT ©)

—AGi,*®
0 (—&—) . . . .
where ki, = kin e rr ) isthe gas transfer rate constant and ¢, is the gas concentration in

the solution. And the rate for gas diffused out of the bubble is

2 B(AG5+AGcr))
Jour = —ATr“koyiCpe RT (10)

—AGoyt™
where kg, = koutoe( RT ) is the gas dissolution rate constants, and the negative symbol

denotes the direction of diffusion is out of the bubble. Therefore, the net gas diffusion rate is

B(AGs+AGer)

2 —(-B)(AGs+AGer), 2 ( )
Ja =Jin + Jour = 4mrkincse RT — Anr-koyicpe RT (11)
and the bubble growth rate is
d —(1-B)(AGs+AGer) B(AGs+AGer)
T ke ) — ke ) (12)

dt ~ 4amr2c, Por+2Y g



k RT . . . . .
where k"“t = > Csat> and cgq¢ 1s the saturation concentration of gas in electrolyte. During the
in 0

bubble growth, the increase of bubble surface free energy per molar gas diffused into the bubble

2y g1 _ 2y gIRT

AG, can be obtained using the Kevin equation and it is AGg = ron — PertZy o
b 0 gl

Usually, a high quality transfer requires a negotiable mechanical deformation of films,

which leads to much smaller mechanical deformation energy than that of the film/bubble

GcRT

interfacial energy, and the AG. can be simplified to AG. = T
0 gl

(Appendix B).

Equation (12) becomes:

oLyl
Por+2y gy ' n(Por+2y gp) (13)

2vgt Ge
dr rRTcg (=BG l
_ _rrits or+2yq; T(Por+2yg)’7 _
g g kouce

dt n Por+2y g1

(B(

With the initial conditions r(t = 0) =1, and c,(t = 0) = 0, the bubble growth rate % can

be obtained by solving Equations (8) and (13). Besides, as the bubble nucleates at the interface,
this Equation (13) takes into account the influence of interfacial adhesion on the bubble growth
rate that usually cannot be achieved in the conventional analytical solution to the bubble growth

in unbounded medium (Taqieddin et al., 2018). For example, its analysis shows the increase of

interfacial adhesion energy G, will lead to a decrease of bubble growth rate %, thus

decreasing the interfacial delamination rate. In addition, when there is only bubble growth
without interfacial crack propagation, the process can be modeled with the diffusion theory

(Taqieddin et al., 2018; Vachaparambil and Einarsrud, 2020).

The growth of bubble will stop at a maximum radius 7,,,,, and after that, the bubble will
detach from the surface of substrate electrode and will not contribute to the interface

delamination. Consider the force exerted on the bubble, we will have:
ZF:FS+Fb+FgTOWth+FCp+Fd (14)

where F is the vector of total force exerted on the bubble, which has components in the
direction (x) perpendicular to the substrate surface and the direction (y) parallel to the substrate

surface (Appendix C), F is the force of relevance to surface tension between bubble and
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electrode surface, Fgpowen 1S the bubble growth force, Fj is the buoyancy force on the

bubble, F, is the pressure force on the bubble in a contact with electrode surface, and Fgq is

the quasi-steady drag force due to the viscous fluid around the bubble. Assume a slow velocity
of liquid near the bubble and a steady growth of bubble, the maximum radius of bubble

growth 1,,,, can be obtained from the balance of force (Appendix C), which is:
Y F = =2mlpaxV g Sin®(m — 6) + %nrmaf(pl — Pg)g + Mgy sin?(m — 9)% =0 (15)
where p; is the density of liquid solution, p, is the density of gas, g is the gravitational

constant, and 6 is the contact angle between bubble and surface of substrate. Therefore,

6Y g1 5in?(7—6)
= [/ 16
Tmax N 5(pg)g (16)

Here the coalescence of bubbles is neglected. This is because the number of existing bubbles

the 73,4, can be written as:

each time is very small because of low gas generation rate under a small voltage, and the
distance between adjacent bubbles could be much larger than the detach radius of bubble 73,4,
When the bubbles grow to the radius 7,4y, they will detach from the substrate and move to
the solution before they are in contact with the adjacent bubbles. But we should note when the
number of existing bubbles is large or the bubbles are distributed nonuniformly, there could be
the substantial grow of bubbles due to coalescence (Brussieux et al., 2011). With the
determination of 73,4, the total time of bubble growth Ty.,y:n can be obtained from
Equation (13) and it is

Zvgl Ge
ngrowthﬂdt — J'Tgrowth[ . TRTCs e(_(l_ﬁ)(P0r+2ygl'n(P0r+2ygl)))
0 dt 0 in Por+2y g1

(Badl 4Gy
koue  TOTEra MPOTHYGU TNt = (100 — To) (17)

The interfacial crack propagation distance is (%4 —19), and the averaged interfacial

delamination rate driven by the bubble can be calculated via (Fisichella et al., 2014):

J— T; =T
b — Tmax 0 ( 1 8)
growth

2.2 Electrochemical etching transfer mechanics model



Fig. 1 (c) shows schematic of the electrochemical etching to solid materials, where F and X
denote the surface atoms of film and electrode substrate, respectively, S denotes the inner atom
of electrode substrate, F — X is the interfacial bond of between film and electrode substrate,
and X — S is the inner bond of electrode substrate. When the applied voltage AU is capable
of providing a minimum energy required to break the thermodynamics balance, the

electrochemical reaction will occur:

F-X—S +R +(-) ne” o F(P) + S—X(P) (19)
or
F-X—S 4R +(-)ne" o F—X(P) + S(P) (20)

where R denotes the reactant electrolyte (e.g. liquid and ions), P is the function groups of
product, and 7 is the number of charge transfer in the reaction. Equation (19) implies the etching
to the interface between film and electrode substrate, i.e. the breaking of the interfacial covalent
bond F-X. For example, when a metal Ni film is on a SiO» substrate in an aqueous solution of
alkaline electrolyte, the surface oxygen atoms of substrate and surface Ni atoms of film will
form covalent interface bonds, and under an electrical voltage, the interface O-Ni bonds will
break due to the reaction Ni-O-Si+H>O+e < Ni+OH+Si-OH, which leads to the detachment of
Nifilm (Wuetal., 2013). Note that when there is only liquid water without the applied electrical
voltage or aqueous solution of alkaline electrolyte, the interfacial bonds could be broken by an
applied mechanical loading with the help of hydrolysis reaction, and leads to the detachment
of films, referred to as hydrolysis-driven transfer printing (Zhang et al., 2019). By contrast,
Equation (20) indicates the etching to the electrode substrate, i.e. the breaking of inner bonds
X-S. For example, when the electrode substrate of metal such as Cu and Ni is a cathode, the
surface Cu atoms on the substrate bonded with film atoms will be etched away via the reaction
F-Cu-Cu-2e &F+Cu**+Cu (Shi et al., 2014). As a result, the film will be naturally separated
from the electrode substrate. Besides, when the electrode substrate materials are metal oxides
with a layer of oxygen atoms on the surface of substrate such as CuxO, the similar reactions
will happen when the electrode substrate is used as an anode (Cherian et al., 2015a). For an
instance, the surface oxygen atoms will be etched away through the reaction F-O-Cu+H>O+2¢
<F+20H+Cu. As a result, the film originally bonded with these oxygen atoms will detach

from the substrate, and in this case, the interfacial bond can be either covalent or noncovalent
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bond. This electrochemical etching mechanism to substrates has been widely used to transfer
graphene films that are on as-grown substrates by weak noncovalent interface bond such as
vdW interactions (Shi et al., 2014). When the inner bonds X-S break, the surface atoms of
substrate will dissolve into the solution as ions rather than staying on the films due to the weak
interface vdW interactions. Therefore, the reaction of Equation (20) becomes F—X—-S +
R + (—)ne” & F+X(P) + S(P).The electro-chemo-mechanics models will be developed

below for these two different etching mechanisms.

When there is neither the applied chemical etchant nor electrical voltage, the reaction for
the interface bond breaking is F—X—S & F + X—S. In this reaction, the forward
activation energy G_f) is larger than the reverse activation energy b_r, resulting in a smaller

forward reaction rate than the reverse reaction rate, as illustrated in Fig. 3 (a). As a result, the

net bond breaking rate is zero, and the interface will not delaminate. When there is a chemical

etchant, the reaction becomes F—X—S+ R e F 4+ X(P) + S, where the G_f) becomes

smaller than (G_T, and the forward reaction rate is larger than that of the reverse reaction.

Therefore, the interface will delaminate under this chemical etching. Furthermore, upon

applying an electrical voltage AU, the reactionis F—X—S+ R+ (—)ne” «F + X(P)+
S(P). The G_f) will decrease, and the bj will increase, leading to an increased etching rate.

Therefore, the interfacial delamination rate by electrochemical etching is larger than that of

sole chemical etching. Specifically, when the film is on an anode substrate, we have the overall
activation energy for the forward reaction G_f) = GT:O —anF,E* + {G./N, where GT:O is the

intrinsic forward activation energy without AU. n is the number of electrons transfer in the
reaction, F, is the Faraday constant, E? is the electrical potential at anode and depends on
AU, and anF,E® refects the contribution from the applied electrical potential. « is the charge
transfer coefficient and it is taken as 0.5. N is the number of interfacial bond per unit area (i.e.
number density of interfacial bonds), and the interfacial energy release rate I. = G. when the

deformation of film is neglected (Appendix B). {G./N represents the contribution from the

interfacial fracture. The activation energy for the reverse reaction is G, = G+
13



(1—a)nF,E* — (1 —{)G./N, where m is the intrinsic reverse activation energy, similar to

@. The opposite sign of term nF,E* and G./N indicates that the effect of the electrical

potential and interfacial adhesion on the energy barrier is completely opposite. With the
increasing of G, and deceasing of AU, the activation energy for the forward reaction increases,
and the activation energy for the reverse reaction decreases, as shown in Fig. 3 (b). The
electrical potential E* = Ey* + 14, where E,® is the equilibrium potential, and 7,.:¢ is
the activation overpotential on the anode. Therefore, the current density at the anode can be

obtained as

—anFg(Eg*+nact®)+{Gc/N (1-a)nFg(Eo%+naqct®)-(1-0Gc/N

j = nky(crkyre RT —c ke RT ) (21)

where ¢y and c, are the surface concentration of reactants and products, respectively. ky =

G G

_2fo _Gro .
Are Rt and k, = A,e RT are the rate constants for forward and reverse reactions,
respectively, and Ay and A, are constants. { is a constant reflecting the asymmetry of the
interfacial adhesion energy term in the energy barrier and it’s taken as 0.5 here. When the

interface adhesion energy G. = 0, the current density will be zero at the equilibrium potential

anFana

E,* , and we can obtain the exchange current density I, = nkcekre  RT =

—(1—a)nFaE0a

nkyc ke RT . And thus the current density in Equation (21) becomes:
UmFaﬂacta—% —(1—a)nFanaCta+—(1_§,)GC
j=jo"|e RT —e RT (22)

Similarly, when the film is on a cathode substrate, the current density in Equation (21) can also

be obtained and it is:

CmFarlactC"'% —(1—0f)nFa77actC_(1_1€,)GC
j=-jo|e RT —e RT (23)

where 71,4.:¢ is the activation overpotential on the cathode. With Equations (22) and (23), the
relation between the current density j and applied voltage AU can be obtained (Appendix A),

and the net interfacial bond breaking rate can be written as:
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JjS jo?S anFanaCta_% _(1_a)nFa"acta+(1_Isl)Gc
:—T:—O r e RT —e RT (24)
nFy nFy
And the average interfacial delamination rate due to this electrochemical reaction is:
G -G
_ 1/NO5 oSy “nFaUacta-% —(l—a)nFanacta+—(1 16) c
e = = e RT —e RT (25)
btNO5/w  mFabiN

where b; is the width of film.

2.3 Coupling of bubble and electrochemical etching transfer models

Both the bubbles generation due to the electrolysis of water and electrochemical etching to
solid bonds of electrode substrates or interface between film and electrode substrates may occur
simultaneously in the electrochemical cell, and lead to an ultimate detachment of film. For
example, a graphene film is delaminated from a Cu substrate with surface oxide layer Cu.O,
where CuxO/Cu substrate is used as a cathode, and NaCl solution is the electrolyte. Under an
applied voltage AU, the delamination of the interface together with vigorous bubbles was
observed, and the overall electrode reaction can be written as F-O-Cu+3H,O+4¢" <F+40H"
+Cu+H: (Cherian et al., 2015a). For the anodic reaction-induced delamination, a polymer film
was observed to detach from a heavily doped Si substrate, where the Si substrate was the anode
and the NaCl aqueous solution was electrolyte. The associated anodic reaction includes both
the etching of Si substrate and generation of oxygen bubbles at interface: Si — 8e—+ 80OH— <
H>Si103+ 3H20 + 20; (Zhang et al., 2018a). In theory, when the applied voltage is smaller than
the equilibrium potential of both electrochemical etching reaction AU,° and bubble
generation reaction AU, °. there will be no electrochemical reaction in the cell and the interface
cannot be delaminated. When the applied voltage is larger than the equilibrium potential of
AU,° but smaller than that of AU,°, only the electrochemical etching reaction will be
activated via Equation (20), and the interface delamination will be driven by the

electrochemical etching of solid bonds near interface only. The resultant delamination rate will

;a anFaﬂacta—% —(1—a)nFanacta+—(1_16)GC
Jo Sr e

be the same as Equation (25),i.e. v =7, = RT —e RT

When the applied voltage is larger than both the equilibrium potential of AU,° and AU,°,

both the electrochemical etching reaction and bubble generation reaction will be activated, and
15



the reactions at the electrode of substrate and film are:

F-X—-S +R +ne" oF+X(P) + S(P)
{ 4H,0 + 4e~ & 2H, + 40H~ (cathode) or
F-X—-S +R—ne” «F+X(P) + S(P)

{ 2H,0 — 4~ © 0, + 4H* (anode) (26)

And the overall reaction that leads to the interface delamination can be written as:

F-X-S +R+mH,0 +(n+m)e” & F+X(P)+ S(P)+ %HZ + mOH™ (cathode) or
F-X—-S +R+mH,0—-(n+2m)e” & F+X(P)+ S(P)+ %02 + 2mH*(anode) (27)

The electrochemical etching to electrode substrates or interfacial bonds between film and
electrode substrates will leave gaps between the film and substrate, allowing the invasion of
the electrolyte solution and gas bubbles into the film/substrate interface. The gas bubbles will
produce a force that further facilitates the delamination process, as discussed in Section 2.1.
Therefore, the interface delamination can be considered the superposition of the delamination
by the electrochemical etching of solid bonds and the bubble force, and the overall

delamination rate is:

+ Tmax—70 (28)

V=7, + 7, =
Tgrowth

RT —e RT

G 1-4)G
. a “npanacta‘% —(1—0‘)nFa?7acta+—( 16) <
Jo Sr e
nFath

3. Finite element (FE) modeling and simulations

We have implemented the electro-chemo-mechanics theory models of both bubble and
electrochemical etching transfers and their coupling described in Sections 2 into the FE
software ABAQUS/standard package to simulate the interfacial delamination between films
and substrates. In FE simulations, films were modeled as elasticity, and electrode substrates
were considered as a rigid material. The materials properties for films were Young’s modulus
E=2.9 GPa and Poisson ratio v = 0.35 for PMMA film, and £=330 GPa and v=0.125 for MoS;
(Wie et al., 2018). A 2D plane strain model was employed to simulate the interface fracture.
The length of thin film was 1 cm, and the thickness varied from 10 nm to 1100 nm. The films
were meshed with 4-node bi-linear plane strain elements. At least four layers of elements were
used along the thickness in the thin film to well capture the through-thickness stress distribution

and bending deformation. Mesh refinement with a high density in both film and substrate was
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set near the interface, and mesh convergence was studied to confirm the discretization of model
sufficiently enough for extracting converged interfacial crack growth rate. The interface
interaction between film and substrate was described by a cohesive zone model (CZM). The

critical energy release rate I, was determined by the area under the curve of traction-
separation relation via I, = 0,4, fo x(A)dA, where o, is the maximum interface cohesive

strength, and &, is critical crack tip separation. y(A) specifies the shape of the traction—
separation function with y = o /0, and A = §/6., o is the interface adhesive traction, and
§ 1s the interface separation. When the interface energy release rate reaches the critical energy
release rate [, the interfacial traction drops to zero, leading to a complete separation. The
value of I, will remain unchanged for the electrolysis of water reaction but will be updated
for the electrochemical etching reaction. Besides, the trapezium shaped traction separation law
was used in CZM, which has been widely used to model the interface delamination in elastic-
plastic peeling problems (Zhang et al., 2019). And the mixed-mode effects were neglected for
the normal-separation dominant interface delamination process. To delaminate the interface in
FE model, a loading was applied on the film with the loading rate u and loading angle ¢. The
loading rate is u = v(1 — cos¢) and has been programmed into the DISP subroutine, through

which the interfacial interaction and electrochemical reaction are coupled together. Specifically,

for bubble-driven delamination u = 222"° (1 — cos¢) obtained with the help of Equation

growth
jols “nFanacta—%
(18). For etching-driven delamination u=-">"\e RT -
TlFath
—(1—a)npaﬂacta+—(1_1€])cc
e RT (1 — cos¢) obtained with the help of Equation (25). For delamination
i ag UmFa’?acta—% —(1—a)nFa7lacta+—(1_§,)Gc
driven by both bubble and etching u = [nJ}S—bTN e RT —e RT +
alt

M](1 — cos¢) obtained with the help of Equation (28). The average crack propagation

Tgrowth

) ) . _ Ad ) ) )
rate at the interface will be calculated via 7 = T where Ad is the overall interfacial crack
d

propagation distance, and AT, is the overall crack propagation time.
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4. Results

With the average interfacial delamination rate 7, = 0, we can calculate the quantitative
relation between interfacial adhesion energy G, and corresponding critical electrical voltage
required to delaminate the interface AU, for the bubble transfer through Equations (18) and
(A.1-A.5). Fig. 4 (a) shows the theoretical calculations of AU, versus G, under different
electrolyte solution concentrations C. The G.shows an initial quick increase with the
increasing of the AU.. Afterward it increases slowly with an arrival of an eventual plateau with
a maximum magnitude. The larger G. indicates the requirement of higher AU, that enables
to delaminate the interface during the transfer printing, while the arrival of the plateau of the
G, indicates the maximum interface adhesion strength which the bubble force cannot
overcome and the associated transfer printing process cannot deliver the films. Besides, when
G, 1is small, the effect of C can be neglected. In particular, when G, is close to O,
AU, represents the equilibrium potential of the reaction of electrolysis of water, which is
independent of the electrolyte concentration C. By contrast, for a very larger G, it increases
with the increasing of the C, suggesting that the increasing of C should facilitate the interface
delamination. Further, Fig. 4 (a) shows that for the chemical covalent bonding interactions with
G.<4J/m?, or vdW interactions with G,<1.5J/m? | such as the adhesion energy between
graphene and Cu substrate (Xin et al., 2017) , the bubble-driven force is fully capable of
enabling delamination the interface for a successful transfer. Once the applied voltage AU is
beyond the critical voltage AU., the interface will be delaminated. Fig. 4 (b) shows the
interfacial delamination rate 7, as a function of AU, where G, is taken 0.7]J/m? in Equation

(13), and the other parameters used in the theory are given in Table 1. Similar to that G., v,
arrives at a maximum magnitude v, = 0.32mm/s after an initial increase with the
increasing of AU. With the increasing of AU, the current density in the electrochemical cell

will reach the current density limit j;;;,, as analyzed in Equations A.4 and A.5. As a result, the

maximum gas generation and bubble growth rates in Equation (8) will be obtained, which leads
to vy, .- Fig. 4 (b) also shows that, at the beginning, the delamination rate increases with the

increasing of the C, as the higher C will improve the current density in the cell and enhances

the bubble generation rate. However, for different C, the delamination rate will finally come to
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the same maximum rate limit, which agrees with the assumption in the theory that the jin is
independent of the C. These theoretical variations agree well with parallel FE simulations and
also are confirmed by literature experimental data with remarkable agreement (Fisichella et al.,
2014). In addition, the AU (=AU.) at 7, = 0 is almost independent of the C when the

adhesion energy G, is small enough, which shows good agreement with that in Fig. 4(a).

Fig. 4 (c) shows the effect of the film’s bending stiffness B, electrode substrate materials,
and electrode polarity on the delamination rate v}, where the popular electrode materials of
Au and Cu are taken as examples in calculations. When the substrate is used at cathode, the v,
increases when the electrode substrate materials change from Cu to the Au, because the
corresponding interfacial adhesion energy between film and substrate decreases from
G.=0.7J/m? to G.=0.25J/m*> (Megra and Suk, 2019). When the substrate electrode changes
from cathode to anode, for the Cu substrate material, the electrochemical etching reaction will
occur rather than the electrolysis of water reaction because of the active chemical property of
Cu, and thus Cu substrate cannot be used as anode in the bubble-driven transfer. By contrast,
for the Au substrate, the electrolysis of water reaction will occur at anode instead of the etching
reaction because of its inert chemical property. As a result, when the Au substrate is used as
anode, a lower v, is obtained than that as a cathode for the same applied voltage, because the
generation rate of oxygen is lower than that of hydrogen in the same cell as shown in Equation
(1), which leads to a lower bubble generation rate. Further, the v}, is nearly unchanged when
the stiffness of film B increases from B=4X 10"8 N-nm that corresponds to a single layer
graphene to B=2 N-nm that corresponds to a PMMA film with 1 micron thickness regardless of
electrode materials and electrode polarity, suggesting their deformation energy can be
neglected compared to the interfacial adhesion energy in the bubble transfer. In the practical
situation, coating a polymer film (typically with thickness about hundreds nanometers or
several micrometers) on 2D materials will not change the interfacial delamination rate in the
transfer process. In addition, these dependences of v, are well confirmed with parallel FE
simulations and also show good agreement with experiments measurements (Fisichella et al.,
2014). By taking Cu as a typical noble metal electrode at cathode, we further calculate the v,.

Fig. 4 (d) shows the theoretical calculations of the v}, as a function of electrolyte solution
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concentration C for different types of electrolyte solution. The v, increases with the
increasing of C once the AU > AU,. Besides, at C=0, the v, equals to 0 because of zero
current where the solution is not conductive and there is no bubble generated. The v, will
reach a constant with the increasing of C when the current density in the cell comes to the limit.
In addition, the v, shows a decrease when the solution changes from basic KOH solution to
the (NH4)S>Ogs solution and to the neutral NaCl solution because of the decreased conductivity
of ions, which results in a lower bubble generation rate. As shown in Fig. 4 (d) and Table 2,
the remarkable agreement of these theoretical calculations with FE simulations and
experimental data from reference (Fisichella et al., 2014) under the same operating conditions

further validates the theoretical model of bubble transfer.

Similarly, for the electrochemical etching-driven interfacial delamination, the minimum
electrical voltage required to delaminate the interface AU, can also be obtained by solving
Equation (25) with v, = 0. Fig. 5 (a) shows the theoretical calculations of the relation between
AU, and interfacial adhesion energy G.. Similar to that of bubble force-induced interface
delamination, the G, increases with the increasing of the AU.. It also shows that this relation
is independent of the electrolyte concentration C, which is consistent with Equation (25), where
at G.=0, the AU, is the equilibrium potential of the electrochemical etching reaction. In this
delamination, the G, can be far larger than the vdW force interactions of 1.5]J/m? between film
and electrode substrates and will not limit its applications, and can also be used in transfer
printing of film/electrode substrate systems with covalent bonds when the AU, is larger than
0.6V. With Equation (25) and G.=0.7]J/m?, consider Cu substrate as the anode in a (NH4)S>O0s
solution, Fig. 5 (b) shows the etching-driven interface delamination rate ¥, as a function of

applied voltage under different electrolyte concentrations C. The v, increases with the

increasing of AU. and arrives at a maximum magnitude 7, . = 0.03mm/s due to the
current density limit j;;,,, in the electrochemical cell. In addition, with the increasing of the C,
the v, increases, and while the AU, required to start the delamination is the same for
different C, which is consistent with the results in Fig. 5 (a). Although higher C requires a

smaller voltage to reaching the maximum delamination rate, the ultimate delamination rate will
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reach the same maximum rate limit because of the ji» that is independent with the C. Most
importantly, all these theoretical predictions show remarkable agreement with FE simulations

and literature experiments (Shi et al., 2014).

To investigate the effect of mechanical deformation of film and selections of substrate
materials on the delamination rate, Fig. 5 (¢) shows the ¥, as a function of applied electrical
voltage AU with the variation of the bending stiffness B of film and interfacial adhesion
energy G.. The 7, decreases when the G, increases from G.=0.7J/m* to G,=3J/m>. The
critical electrical voltage AU. also shows an increase with the increasing of G, consistent
well with Fig. 5 (a). When the B increases from B=2X 10~*N-nm that corresponds to MoS;
layers with 10 nm thickness to B=2N-nm that corresponds to a PMMA film with 1 micron
thickness, the ¥, remains approximately the same regardless of interfacial adhesion energy.
This nearly unchanged v, suggests that the mechanical deformation energy could be
neglected in comparison with the interfacial adhesion energy in the etching-driven transfer.
These theoretical predictions of 7, are well confirmed with parallel FE simulations and also

show good agreement with experimental measurements. In addition, because of G,

independence on the current density limit jj;,, the maximum delamination rate 7, .= 1isalso

independent of G.. Fig. 5 (d) shows the 7, versus AU when the substrate changes to cathode
from anode. Note that an oxide layer is required on the surface of Cu substrate when it is used
as cathode, and the etching of the oxygen atoms at the interface will lead to the delamination.
The comparison shows that the critical voltage required to start the delamination is larger on
cathode than that on anode because the minimum voltage required for the etching of CuxO
reaction is larger than that of the etching of Cu reaction. However, the v, can be larger on
cathode than that on anode because the number density of O atoms is smaller than the number
density of Cu atoms at the interface. Therefore, the total etching time of the oxide layer is
smaller than the etching time of the surface Cu atoms. Similar to that in Fig. 4 (d), the NaCl
solution leads to a lower v, than that of the (NH4)S20Os solution with the same concentration
because of a higher conductivity of the solution. Similarly, when the NaCl solution

concentration increases from 0.1M to 0.5M, a higher v, is also obtained. More importantly,
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the experimental data from the literature (Cherian et al., 2015a) show great agreement with the

theoretical results (Table 2) and confirm the mechanics model of chemical etching mechanism.

Further, Figs 4 and 5 show that the voltage required for the chemical etching-induced
delamination is much lower than that of bubble force-driven delamination. For example, the
voltage required for the etching of Cu reaction is 0.34V, while it is 1.23 V for electrolysis of
water reaction. Besides, the delamination rate v, is almost one order of magnitude smaller
than that of bubble force-driven delamination v,,. For chemically active substrate materials
like Cu, the etching-driven and bubble-driven transfers can both work. And in the etching-
driven transfer, the Cu needs to be treated as anode; By contrast, in the bubble-driven transfer,
the Cu needs to be treated as cathode. However, for the chemically inert substrate materials
such as Pt and Au, only the bubble-driven transfer can be used because these materials can

hardly be etched.

Fig. 6 (a) summaries the comparison of the interfacial delamination rate ¥ enabled by
both bubble (purple curve) and electrochemical etching (pink curve) mechanisms with
G.=0.7J/m? in Equation (28). Upon an increase of voltage, the ¥ quickly arrives at the
maximum magnitude for electrochemical etching, while the bubble-driven delamination
requires a higher voltage to the arrival of maximum v yet with a higher maximum value.
When the AU is larger than the critical voltages for activating both bubble generation and
chemical etching, these both mechanisms will happen simultaneously during the interface
delamination, as indicated by Equation (27). The resultant v shows a rapid increases at the
beginning, and then becomes slower when the delamination rate contributed by etching arrives
at a constant. And eventually, it will also reach to a constant when the delamination rate
contributed by bubble arrives at the maximum. Those results show great agreement with our
FE simulations and literature experiments (Cherian et al., 2015a). Fig. 6 (b) further compares
the U by both bubble and etching mechanisms under different electrolyte concentration C. It
suggests that the chemical etching should be the dominant mechanism at a small
AU with v, > v, (pink part in the curves). With the increase of AU, the bubble-induced

delamination will exceed the contribution by etching with ¥, < v, , and will become the
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dominant mechanism to delaminate the interface (blue part in the curves). It also shows that
with the increasing of C, the bubble force requires a higher voltage to become dominant. For
both mechanisms, the critical voltage required to initiate the delamination at ¥ = 0 is nearly

independent of C, well consistent with the results in Figs 4 and 5.

5. Discussion

To quantitatively understand the driving force that enables the interfacial delamination by the
electrochemical reactions, Fig. 7 (a) illustrates an equivalent mechanical peeling model, where
the film is peeled from a substrate in a dry air condition by a pure mechanical force and the
delamination rate v is assumed to be the same with that of the electrochemical method. With
the principle of energy balance at a steady state delamination (Zhang et al., 2019), the

equivalent  mechanical peeling force <can be obtained via P, =G+

V¢

2NkTsinh™?!

_E_a*> for a 90 degree peeling, where P, is the equivalent
kT

2(kT/h )lbonde<
peeling force per unit width of film, v, is the interfacial crack propagation rate, % is the
Planck’s constant, lj,,g is the bond length at interface and E," is the activation energy for
bond breaking. For the coupled mechanism of bubble force and chemical etching-induced

delamination, we have:

v

P, = Gy + 2NkTsinh™!

< Ea) (29)
20T/ ) lponge" ¢
Jols anFaﬂacta—%
Where the interfacial crack propagation rate is U= m e RT —
avt

Imax"70 from Equation (28).

growth

—(1—a)npaﬂacta+—(1_1€])cc
e RT +

For simplification, when the interface delamination is driven only by bubble force, P, =

Vp

Go + 2NkTsinh™!

— |, where 7, = max7T0 from Equation (18); for the
a ) growth

2(kT/h )lbonde(_ kT

interface delamination driven only by electrochemical etching mechanism, P, = G, +
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e RT ) from Equation (25). Fig. 7 (b) shows that the P, by both mechanisms

increases with the increasing of AU till to a maximum of ~1.5N/m for a Cu electrode substrate.
Besides, the P, for only bubble-induced delamination mechanism is larger than that of the
electrochemical etching mechanism, but lower than that of their coupled mechanism, which is
in a good consistency with the results in Fig. 6a. The maximum P, implies the capability that
the electrochemical transfer can achieve. For example, when the interfacial strength is beyond
this maximum value, the electrochemical reaction cannot induce a fully detachment of film
from substrate in the transfer printing process and an external force should be applied to assist

it.

6. Conclusion

In this work, we have developed a comprehensive electro-chemo-mechanics theory for transfer
printing of films from various electrode substrates in an electrolyte solution environment. In
this theory, the delamination mechanisms by both the bubble nucleation and growth due to the
electrolysis of water and the electrochemical etching of solid bonds are proposed and coupled
together to predict the interfacial delamination rate of the film detachment from electrode
substrates. In particular, in the development of the bubble force-induced interfacial
delamination model, the kinetic nucleation and growth of bubbles are elucidated by considering
both the diffusion and dissolution of gas molecules in the electrolyte solution and are also
theoretically formulated as a function of the applied electrical voltage and solution
concentration. The theoretical analysis shows the bubble generation will increase once the
applied electrical voltage is beyond a critical value but will arrive at a maximum value, leading
to a maximum interfacial delamination rate. For the electrochemical etching mechanism, the
etching to both the materials of electrode substrate itself and the interfacial bonds between film
and electrode substrate are taken into account. Electrode materials and consideration of them
as cathode or anode, and selection of electrolyte solutions and their concentration are

investigated to clarify their effect on the applied critical electrical voltage and interfacial
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delamination rate. A diagram is summarized to compare the dominative role of bubble force
and electrochemical etching-induced delamination mechanisms and to guide the choice of
film/electrode substrate materials, the applied electrical voltage, and the solution concentration
for applications in in transfer printing. We have also developed a computational model to study
the interfacial delamination with the help of cohesive zone model (CZM) by implementing the
electro-chemo-mechanics theory model into finite element (FE) analysis. The predicted
detachment rate of film by the electro-chemo-mechanics theory is incorporated into the FE
model by programming the delamination into the DISP subroutine. The simulation results show
remarkable agreement with theoretical predictions and literature experimental measurements
for a wide variety of materials and electrode voltage. In addition, an equivalent mechanical
peeling force is proposed to quantitatively estimate the peeling force that can be provided by
electrochemical delamination. The maximum equivalent peeling force per unit width of film
from Cu substrate (~1.5 N/m) as an example is obtained, suggesting the maximum adhesion
strength capability of film/substrate systems that can be transferred by the electrochemical
transfer printing in applications. This work lays a theoretical foundation for the quantitative
understanding of interfacial delamination in film/electrode substrate systems, and will guide
the immediate applications for controlling the electrical field assistant transfer printing of thin

films in an electrolyte solution with a great accuracy.
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Appendix A. The relation between the current density j and the applied voltage AU
Equation (8) shows that the bubble growth rate depends on the current density j in the
electrochemical cell, and can be determined by the applied electrical voltage AU. The
AU should equal to the sum of reversible equilibrium potential and overpotentials (1) (Angulo
et al., 2020) which is:

AU = AU° + X1 = AU® + Nace™ = Nace® + Nonm + Meon” —Meon® (A1)
where AU° is the reversible equilibrium potential and represents the minimum thermal
dynamic energy required for the reaction. 7, and n,.° are the activation overpotentials
on the anode and cathode, respectively. The relation between current density and activation

overpotential can be obtained by the Butler-Volmer equation (Bard and Faulkner, 2001):

“nFanacta) (—(1—a)nFa77acta
—e

= ool

anFanactC)

RT )) (anode), and j = —joc(e< RT

(‘(1—a)nFa77actc
e

RT )) (cathode)(A.2)
where j, is the exchange current density. 7,p,, 1S the ohmic overpotential and denotes the
potential loss due to the resistance in the electrochemical cell. This resistance contains two
parts, one is the electrical resistance to flow of current in the electrical components like circuit
and electrodes; and the other resistance is the ionic component related to the transport of ions
through the electrolyte solution. The relation between ohmic overpotential and current density

can be obtained by the Ohm’s law (Chen et al., 2017):

. . de . . de
Nohm = ](Rele + Rcon) = jRee +J 7 = jReie +J CYidiz; (A.3)

where R, is the electrical resistance in the electrical component and R.,, is the ionic

de _  de
X CYiliz;

resistance of the electrolyte solution. The ionic resistance R, = ,inwhich d, is

the distance between two electrodes and y is the conductivity of electrolyte solution. A; is
the molar conductivity of the ion i, z; is number of charges of ion i , and C is the
concentration of ions. Here in order to obtain the analytical solution for the relation between
voltage and current, we made the following assumptions. First, given a low gas generation rate
under small voltage, we assume the number of generated bubbles each time is very small. This
assumption is in fact consistent with the preference in most electrochemical transfer

experiments as the large number of bubbles will cause the severe deformation and damage in
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the transferred thin films. Second, the bubbles would escape once they detach from the
electrode substrates and did not affect the electrical resistance in the electrochemical cell. But
we should note that when the bubbles on the electrode and in the solution become significant,
they will change the effective electrical resistance in the electrochemical cell, which will need
complicated numerical calculations to solve the relation between voltage and current
(Vachaparambil and Einarsrud, 2021; Zhao et al., 2019). 1n.,,% and 7., are the
concentration overpotentials on the anode and cathode, respectively, which is the potential loss
in the buildup of reactant concentration gradient from the electrolyte to the electrode surface
due to the mass transport speed limits near the surface of electrodes at high currents. The

relation between concentration overpotentials and current density can be written as (Murthy et

al., 2018):
2RT j
Neon® = =3z In(1 = =) (A4)
2RT j
Neon® = 1 IN(1 = +2=) (A.5)

where j;m® and jj;,¢ are the current density limits on the anode and cathode, respectively.
At last, Equations (A.1-A.5) can be used to describe the relation between applied electrical

voltage AU and current density j.
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Appendix B. Theoretical analysis of energies associated with mechanical bending
deformation of film and interfacial crack

In the delamination driven by bubble force, the interface crack propagates along the x-direction
due to the bubble growth, and the resultant increase of bending deformation energy in film is

(Harvey et al., 2017):

U, = 1fr 2rEt3 (dzw)z _ m*Et3A?
- 2 “dx? T 9612

(B.1)

where w(x) = 2[1 + cos(nr—x)] is the deflection of film, A is the magnitude of film

deflection, E is the elastic modulus of film, and ¢ is film thickness. The in-plane elastic strain

energy is:
Uy = 2r2t (5 (eR)?) = T2 (B.2)
s = etz ¢ 25612 '
d w242 . . . . . .
where ef = f r(d‘:: o7 18 the averaged axial relaxation strain. And the increasing

of interfacial energy is U, = 212G,, where G, is the interfacial adhesion energy per unit area.

Therefore the increasing of total energy due to the interface crack propagation is:

n*Et34%2 miEtA*
96712 25612

U, = +2r2G, (B.3)

The increasing of total energy per molar gas diffused into bubble is:

8(Uy) _  mw3Et34?  mlEt34* GcRT
Sng 192r5¢cp  512r%cy  m(Por+2yg41)

AG,, = (B.4)

As shown in Fig. B1 (a), when the film is soft, it will be deformed and wrapped around
bubble by the force between film and surface of bubble. When the film is hard, it cannot be
deformed and will not be in contact with the surface of bubble. The deformation of film is the
result of competition between film deformation energy and film/bubble interfacial energy. The

change of total energy is:

AE; th( )+ thygl(coseﬂ 1) th( )+ thygl(coseﬂ 1) (B.5)
where 6y, is the contact angle between film and liquid, L is the film length and b, is the film
width and B = Et3is the bending stiffness of film. As shown in Fig. B1 (a), when AE, =
th( )+ thygl(coseﬂ —1) > 0, it indicates that the magnitude of film deformation

energy is larger than the interfacial energy, and the interfacial energy is not large enough to

deform the film. For example, when the film is single layer graphene on a 1 micron thick
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PMMA layer, the deformation of film can be neglected. In practical experiments of transferring
graphene, PMMA layer can be used to reduce the deformation in graphene and to improve the
quality of transferred graphene film. When the deformation of film can be neglected, the energy

contributed by interfacial crack AG., can be simplified and written as:

G¢RT
n(P0r+2ygl)

AG,, = (B.6)

In the delamination driven by electrochemical etching, the deformation of film at the
interfacial crack tip is the result of competition between film deformation energy and

film/liquid interfacial energy. The variation of the energy is:

btEt3H?
8L3

AE, == (bt—B) H? — Lbyyg,cos6s =

2 \4L3

— Lbtyg,c056f, (B.7)

where H is the crack tip opening. The interfacial energy release rate in the crack propagation

B
4L*

btEt3H?
8L3

is T, =§( )H2 + G, . As shown in Fig. B1 (b), when < Lb.ygicos6y;, the

deformation energy in the film can be neglected compared to the interfacial energy. The
interfacial energy release rate can be simplified to I, = G.. For example, when the film is

MoS: layers, the deformation of film can be neglected compared to the interfacial energy (Ma

etal., 2017).
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Appendix C. Force analysis on bubble on the surface of substrate electrode
During the bubble growth, the total force exerted on the bubble can be written as(Chen et al.,
2012):
Y E = Fox+ Fgrowthx + Fox + Fep (C.1
LE =Fy+ Fypowmy + Foy + Fa (C.2)
where x-direction is perpendicular to the surface of substrate, and y-direction is parallel to the
surface of substrate. F; is the force of relevance to surface tension between bubble and
substrate surface, Fyrowen is the bubble growth force, F, is the buoyancy force on the
bubble, F,, is the pressure force on the bubble in a contact with substrate surface, and F; is
the quasi-steady drag force due to the viscous fluid around the bubble. The surface tension

force between bubble and substrate surface F;, and F;, can be obtained via:

(0q-6;) .
E,= —erygl# [cos(B,) — cos(6,)], and F;, = —2.517y nn [sin(6,) +

2= (64-6,)2

sin(6,.)] (C.3)
where 7y =rsin(mr —60) is the contact radius between bubble and solid surface,
and 6, and 6, are the advancing contact angle and receding contact angle of bubble on solid

surface, respectively. The force due to the unsteady growth of bubble can be written as:

.. | 372 . 372 .

Fgrowth,x = —plTL'TZ(TT' + %)COS(HL-), and Fgrowth,y = —plTL'TZ(T'T' + %)Sln(ei)
(C.4)

where p; is the density of liquid solution, and 6; is the angle between x-direction and the

direction of growth force. The buoyancy force from liquid on the bubble can be written as:
4 4
Fpx = gnrg(pl - pg)g -ey and Fpy = 57‘[7'3([)1 - pg)g ey (C.5)
where p, is the density of gas, g is the gravity vector, and e, and e, are the direction

vector of x-direction and y-direction, respectively. The contact pressure force on the bubble is
only in x-direction, which results from the overpressure inside the bubble and is a function of

the pressure difference across the bubble interface. It can be expressed as:

F., = mrs? gl (C.6)

Ts
where 1; = 5r is the equivalent radius at the bubble top. The quasi-steady drag force due to

the viscous fluid flowing around the bubble is only in y-direction, which can be written as:
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Fd = 3Cd7TlllzReb (C7)
where C; is the quasi-steady drag coefficient, and y; is the liquid bulk dynamic viscosity.

2rpjur

Re,, is the bubble Reynolds number and can be given by Re, = ——, where u, is the

relative velocity between the bubble center of mass and the liquid bulk velocity.
When the x-direction is parallel to the direction of gravity, where the surface of substrate
is perpendicular to the gravity, and the portion of surface tension force in the y-direction

becomes zero, the surface tension force can be simplified to F; = —2nryy,; sin(r — 6) =

—2mryg, sin?(m — @), where 0 is the contact angle between bubble and surface of substrate.

The portion of buoyancy force in the y-direction also becomes zero and the buoyance force can
L 4

be simplified as F, = Enr3(pl —pg)g.

In the electrochemical system, the velocity of liquid near the bubble is low, and therefore
the drag force from the viscous fluid on the bubble F; can be neglected compared to the
surface tension force and buoyance force. In addition, the bubble growth can be regarded as
steady growth in the electrolysis of water and as a result, the force due to the unsteady growth

of bubble Fyoy¢n can also be neglected. Therefore, the sum of force exerted on the bubble
can be simplified to Y F =F, + F, + F, = —2nryg sin*(m — 6) + grrr3(pl —pg)g +

2Y g1

nr sin?(m — ) -

. The maximum radius of bubble growth 7,,, can be obtained from the

balance of force, which is:

2y g1

2= 0 (C.8)

. 4 .
YF = _anmaxygl sin?(m — 6) + gnrmax3(pl - pg)g + Mhnax sin(m — 6)
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Fig. 1. Electro-chemo-mechanics mechanism in transfer of thin film on an electrode
substrate. (a) Schematic illustration of thin film delamination from an electrode substrate in
an electrolyte solution under an applied electrical voltage AU. (b) Interface delamination
between film and substrate enabled by the force of bubbles which are generated from the
electrolysis of water reaction via 4H,0 + 4e™ < 2H, + 40H™ (cathode), or 2H,0 —
4e~ o 0, + 4H"(anode). The wavy curves between film and electrode substrate denote their
interaction of either non-covalent or covalent bonds, and the hollow spheres in light blue
illustrate the generated hydrogen or oxygen gas bubbles that break the interfacial bonds. (c)
Interface delamination between film and substrate driven by electrochemical etching to solid
bonds via F—X—-S +R +(—)ne" oFP)+ S—X(P) (1) or F=X—-S +R +
(=)ne” & F—=X(P) + S(P) (2). In reaction (1), the atomic bonds between surface atoms
of film F and surface atoms of substrate X break, suggesting the etching to interfacial covalent
bonds between film and electrode substrate. In reaction (2), the bonds between surface atoms
of substrate X and inner atoms of substrate S break, suggesting the etching to electrode substrate,
where the interfacial bond F — X could be either covalent or non-covalent bond. R denote
reactant electrolyte (e.g. liquid and ions), P is the function groups of reaction product, and 7 is
the number of charge transfer in the reaction.
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Fig. 2. Bubble transfer mechanics model. (a) Schematic illustrations of the bubble nucleation,
growth and interaction with film and substrate. The gas generation and bubble nucleation leads
to the initiation of crack at the interface between film and substrate (top), the growth of bubble
drives the interface crack propagation (middle), and the further growth of bubble with gas
diffusion along with mechanical deformation of film and its resultant interfacial crack
propagation (bottom). (b) Theoretical evolution of energies as a function of bubble radius
during the bubble nucleation, where G, is the maximum total energy at the critical nucleation
radius 1y. (¢) Variation of the total energy in theory as a function of bubble radius for different
intrinsic interfacial adhesion energy G, indicating an increased G, with the increasing of G,.
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Fig. 3. Electrochemical etching transfer mechanics model. (a) Energy diagram for
interfacial bond breaking by reaction without etching F—X—-S < F + X —S (red), with
chemical etching F—X—-S+Re F 4+ X(P)+S (yellow) and with electrochemical

etching F—X—-S+ R+ (—)ne” «F + X(P)+ S(P) (blue). E]; and (GTT are the energy

barrier for the forward bond rupture reaction and reverse bond healing reaction, respectively.
(b) Energy diagram for interfacial bond breaking by the electrochemical etching reaction with
variation of interfacial adhesion energy G. and applied electrical voltage AU.
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Table 1. Materials and system parameters used in the theoretical analysis

Description Parameter Value
Temperature T 298 K
Pressure in solution Py 101325 Pa
Density of liquid P 997 kg m?
Density of gas (Ha) Pg 0.081 kg m*
Density of gas (O2) Pg 1.29 kg m*
Surface tension of liquid Ygt 0.072 N m! (Kadyk et al., 2016)
Gas transfer rate constant kin 10° m s (Kadyk et al., 2016)
Saturation concentration of gas Csat 7.1-10* M (Kadyk et al., 2016)
Adhesion energy (Cu) G, 0.7 J m?(Xin et al., 2017)
Adhesion energy (Au) G, 0.25 J m(Megra and Suk, 2019)
Conductivity of solution (NaCl) A 0.017 S m?> mol! (Widodo et al., 2018)
Conductivity of solution (KOH) A 0.033 S m? mol™! (Chen et al., 2017)
Equilibrium voltage (water electrolysis) AU° 1.23 V (Fisichella et al., 2014)
Equilibrium voltage (electrochemical etching) AU° 0.34 V (Huo, 2004)
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Fig. 4. Theoretical prediction and validation of interfacial delamination by bubble
transfer. (a) Interfacial adhesion energy G, as function of the critical applied electrical
voltage AU, that is required to delaminate the interface by bubble force mechanism under
different concentrations of electrolyte C and types of interface interaction and is plotted by
Equation (18) with v, = 0. The dash light green line distinguishes the G, for interfacial
bonds between film and electrode substrate with covalent or non-covalent bonds, and the gray
area shows that the bubble force is not strong enough to delaminate the interface. Comparison
of bubble-driven interfacial delamination rate v, in an applied voltage AU among theory,
finite element (FE) simulation and experiment for a series of (b) electrolyte concentrations C,
and (c) selections of electrode substrate materials, film stiffness B and electrode polarity.
B=2Nnm is taken the stiffness for a PMMA film with 1 micron thickness and B=0.04uNnm is
taken the stiffness for a graphene film. The maximum limit of delamination rate v, =

Vhmqy, 18 Obtained at the current density limit in the reaction cell. (d) Effect of electrolyte

selection on bubble-driven interfacial delamination rate v, .
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Table 2. Comparison of the delamination rates from the proposed theoretical model and
literature experiments

Delamination rate 7, in the bubble transfer

Solution concentration (M) vp (mm/s) vy (mm/s)
theoretical model experiment (Fisichella et al., 2014)!
0.05 0.04 0.033
0.15 0.11 0.09
0.25 0.19 0.2
0.3 0.22 0.27
0.6 0.32 0.35

('The delamination experiment was performed in KOH solution with cathode of Cu, and AU = 5V.)

Delamination rate v, in the electrochemical etching transfer

Electrode v, (mm/s) v, (mm/s)
theoretical model experiments
Cu (anode) 0.021 0.017 (Shi et al., 2014)?
Cu20 (cathode) 0.16 0.17 (Cherian et al., 2015b)?

(*’Experiment was performed in (NH4)S20s solution (0.1M) under AU = 2V. 3Experiment was performed in
NaCl solution (0.5M) under AU = 2.6V.)
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Fig. 5. Theoretical prediction and validation of interfacial delamination by
electrochemical etching. (a) Theoretical relation between interfacial adhesion energy G. and
the critical applied electrical voltage AU, that is required to delaminate the interface by
electrochemical etching mechanism and is plotted by Equation (25) with v, = 0. The dash
light green line distinguishes the G, for interfacial bonds between film and electrode substrate
with covalent or non-covalent bonds, and the gray area shows that the interface delamination
will not occur by etching reaction. Comparison of electrochemical etching-driven interfacial
delamination rate U, in an applied voltage AU among theory, finite element (FE) simulation
and experiment for a series of (b) electrolyte concentrations C, (¢) film stiffness B and
interfacial adhesion energy G., and (d) electrode substrate materials, types of electrolyte
solution, and electrolyte concentration C. B=2Nnm is taken the stiffness for a PMMA film with

I micron thickness and B=0.2mNnm is taken the stiffness for a MoS, layer with 10nm
thickness. The maximum limit of delamination rate v, = v, is obtained at the current

max

density limit in the reaction cell.
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Fig. 6. Comparison of interface delamination enabled by bubble force and
electrochemical etching and their coupling. (a) Interfacial delamination rate v as a function
of applied voltage AU enabled by bubble force, electrochemical etching and their coupled
mechanisms from theory, simulation and experiment. (b) Effect of the electrolyte solution
concentration C on interfacial delamination rate ¥ enabled by coupled delamination
mechanisms. The top and bottom black dash lines denote the delamination rate at the current
density limit of both electrolysis and etching reaction and v, = v, of bubble force and
electrochemical etching mechanism, respectively.
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Fig. 7. Equivalent mechanical peeling model for electrochemical delamination. (a)
Schematic illustrations for thin film detached from an electrode substrate enabled by
electrochemical delamination at an interfacial delamination rate v (top), and the proposed its
equivalent mechanical peeling model with the hard peeling force P. (bottom). (b) Equivalent
peeling force per unit width P, as a function of applied voltage AU for the electrochemical
delamination mechanism by bubble force, electrochemical etching and their coupling. The
detachment of film on Cu substrate is exemplified in the plots and the corresponding maximum
limit of P.is about 1.46N/m which corresponds to the maximum delamination rate Uy,
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Fig. B1. Mechanical deformation of film during its delamination from electrode
substrates in an electrolyte solution environment. (a) Film’s deformation in the bubble
transfer mechanism. With the decreasing of film modulus £ and film thickness ¢, and increasing
of liquid surface tension yg; and film/liquid contact angle 6, the film tends to deform and
wrap the bubble (left inset). By contrast, the film tends to not deform and not contact with the
bubble (right inset). (b) Film’s deformation in the electrochemical etching transfer mechanism.
With the increasing of film modulus £, film thickness ¢ and film/liquid contact angle 6, and
decreasing of liquid surface tension yg,, the film tends to deform (left inset). By contrast, the
film tends to not deform (right inset).
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