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Abstract: The potential to deposit minute amounts of material from a donor to an acceptor substrate at
precise locations makes laser-induced forward transfer (LIFT) a frequently used tool within different
research fields, such as materials science and biotechnology. While many different types of LIFT
exist, each specialized LIFT application is based on a different underlying transfer mechanism, which
affects the to-be-transferred materials in different ways. Thus, a characterization of these mechanisms
is necessary to understand their limitations. The most common investigative methods are high-speed
imaging and numerical modeling. However, neither of these can, to date, quantify the material
deposition. Here, analytical solutions are derived for the contact-based material deposition by LIFT,
which are based on a previously observed equilibrium state. Moreover, an analytical solution for
the previously unrecognized ejection-based material deposition is proposed, which is detectable
by introducing a distance between the donor and acceptor substrates. This secondary mechanism
is particularly relevant in large scale production, since each deposition from a donor substrate
potentially induces a local distance between the donor and acceptor substrates.

Keywords: transfer mechanisms; fluorescence imaging; vertical scanning interferometry

1. Introduction

One of the earliest reports of a laser-induced material deposition demonstrated the
transfer of ink from a substrate toward a recording medium [1]. Following this discovery,
15 years passed until Bohandy et al. introduced the term laser-induced forward transfer
(LIFT) to describe the deposition of copper and silver from a donor to an acceptor sub-
strate [2,3]. Currently, the term LIFT is used to describe any process in which material is
transferred from a donor to an acceptor substrate through laser irradiation (in the lasing
direction). Moreover, due to the precision of laser-based systems and the potential to
deposit minute amounts of material, as well as the increased access to commercial laser
systems, LIFT processes have influenced a variety of research fields. Particularly, the poten-
tial use and transfer behavior of metals [4-8], polymers [9], and liquids [10-14] have been
well studied.

An interesting approach to transfer delicate materials is the dynamic release layer,
LIFT [15]. This process utilizes a sacrificial intermediate layer as an absorbent to protect the
donor substrate from the laser irradiation. For example, the compatibility of highly absorb-
ing (penetration depth < layer thickness) sacrificial metal layers [16,17] with biomolecules
enables the deposition of such materials [18,19], since the transfer is driven by melting
and/or vaporization of the metal layer. However, the ablation of the metal layer potentially
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contaminates the transferred material. To avoid such contamination, sacrificial polymer
layers were introduced. Two of the most common approaches are evaporation and ejection
of triazene polymer (TP) [20] and blister-actuated (BA) [21] LIFT, which is based on the
thermal polyimide expansion. On the one hand, the customizable absorption spectrum of
the triazene polymer and potential to transfer solid and liquid materials through TP LIFT
make it a versatile tool for the generation of polymer sensors [22] and organic light emitting
diodes [23]. However, TP LIFT is an ablation-based process [24,25]. Thus, the ablation can
still harm extremely delicate materials, and the irradiated donor substrate location can
only be used once. On the other hand, only liquid materials can be transferred through
the BA LIFT, and the thick isolating polyimide layer has usually a set absorption spectrum.
Nevertheless, the isolating polyimide effectively mitigates the interaction between the
laser and to-be-transferred material, which enables the manufacturing of light-emitting
diodes and biosensors [26,27]. Since the material deposition is based on a contact between
the acceptor substrate and a blister-induced directional jet of the donor substrate [28], the
irradiated location is reusable.

In 2016, the combinatorial LIFT (cLIFT) [29] was introduced for parallel and on-demand
chemical synthesis [30]. Within this process, a thick reusable polyimide layer is used as a
sacrificial layer, and a polymer coating embedded with chemical building blocks is used as
the donor substrate. We previously showed that the material deposition through cLIFT is
mainly driven by the expansion of the sacrificial polyimide layer during laser irradiation
and can be divided into four steps (Figure 1): (a) minor deformation of the polyimide after
initial laser irradiation; (b) bell-shaped expansion of the polyimide in normal direction of
the surface at a given time with a continuously decreasing expansion rate; (c) established
stable contact with the acceptor due to the expanded polyimide with no further polyimide
expansion; (d) relaxation of the polyimide layer and donor substrate material deposition
after finished laser irradiation.

b g c g d

Figure 1. The four steps of the cLIFT material deposition: initial laser irradiation and minor deforma-
tion of the polyimide layer (a). Bell-shaped expansion of the polyimide layer during continuing laser
irradiation (b). Stable contact through the expanded polyimide layer (c). Relaxation of the polyimide
layer and material deposition of the donor substrate (d).

Despite some similarities with the BA LIFT, the material deposition mainly occurs
through a direct contact between the donor and acceptor substrates, which is established
by the expansion of the polyimide layer [31]. Yet, a ring structure appears with a large
distance (distance > polyimide expansion) between the donor and acceptor substrates [31],
which indicates an additional ejection-based material deposition, radially to the expanding
surface. A similar phenomenon was also reported for the BA LIFT [32].

Here, we build upon the reported transfer behavior within the cLIFT and derive
analytical solutions to characterize the sacrificial polyimide layer expansion and mate-
rial deposition (volume and width) through the contact- and potentially ejection-based
transfer mechanisms. These derivations are quantitatively (contact-based) or qualitatively
(ejection-based) validated against fluorescence imaging, vertical scanning interferometry,
and/or high-speed imaging measurements.
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2. Materials and Methods
2.1. Lasing Setup

The lasing setup is part of an automated synthesizer, which was previously re-
ported [33]. It contains a 405 nm wavelength diode laser (iBeam smart 405-S, TOPTICA
Photonics AG, Munich, Germany) that has a Gaussian beam profile and a maximum
power of 300 mW, which is only used in the continuous wave regime (>10~° s). Within
the setup, the laser is directed by two mirrors into a laser scanning system (intelliSCAN
III 10, SCANLAB GmbH, Puchheim, Germany) equipped with an F-Theta-lens (JENar
170-355-140, JENOPTIK Optical Systems GmbH, Jena, Germany) that has a focal plane of
170 mm. After the laser beam exits the F-Theta-lens, the measured maximum laser power is
210 mW. Moreover, a positioning table attached to the z-stage is used to move the surface
of the acceptor substrate into the focus plane. The focus plane is determined through a
camera/microscope unit (i.e., finding the most intense and smallest laser spot), which is
attached to the z-stage. To perform the material deposition, a donor substrate is placed
on top of the acceptor substrate, and the laser is initiated by a commercial laser software
(laserDESK version 1.4.3.1, SCANLAB GmbH).

2.2. Donor Substrate Preparation

For the preparation of a donor substrate, self-adhesive polyimide (Kapton HN, DuPont,
CMC Klebetechnik GmbH, Frankenthal, Germany) is attached to a microscope glass slide,
and a previously prepared solution is spin-coated on top. Particularly, for a Rhodamine 150
donor substrate, 150 mg styrene acrylic copolymer (SLEC LT 7552, Sekisui Chemical, Tokyo,
Japan) is dissolved in 900 nL dichloromethane (DCM), mixed with 100 uL N,N-dimethyl-
formamide (DMF) containing 10 pgmL~! Rhodamine 6G (Chemodex Ltd., St. Gallen,
Switzerland), and spin-coated with 80 rounds per second.

2.3. Fluorescence Imaging

Fluorescence images were evaluated with the fluorescence scanner Genepix 4000B
(Molecular Devices, San Jose, CA, USA) with a 5 um resolution, 33 % laser power, and a
photo multiplier gain of 600 at 532 nm wavelength. In the following, fluorescence imaging
is abbreviated by Fluo.

2.4. Vertical Scanning Interferometry

Vertical scanning interferometry measurements were evaluated with a smartWLI com-
pact (Gesellschaft fiir Bild- und Signalverarbeitung (GBS) GmbH, Ilmenau, Germany) with
a 5x magnification lens. In the following, vertical scanning interferometry is abbreviated
by VSL

2.5. High-Speed Imaging

High-speed imaging measurements were carried out with a PHANTOM V210 (Vi-
sion Research, Wayne, NJ, USA) high-speed camera equipped with a 10 x magnification
lens. For all experiments, a constant field of view of 304 x 128 pixels (spatial resolution:
1 pixel = 2.2 pm) was chosen to capture the surface expansion regardless of the lasing pa-
rameters. All experiments were performed with a frame rate of 39.000 fps (time resolution:
1frame = 2.56 - 1075 s). The high-speed imaging data and a full description of the setup
was previously reported [31].

2.6. Spot Evaluation

Deposited material spots were automatically detected through a developed spot detec-
tion program [34], which has a maximum error of +4 pixel. The software was developed in
Python (see Supplementary Materials).
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3. Results and Discussion
3.1. Contact-Based Transfer Mechanism

Since the polyimide is the main driver of the contact-based material deposition within
the cLIFT, a characterization of the observed expansion behavior has to be proposed to
predict the material deposition (e.g., deposited spot volume V7 and width d). In addition
to the process separation (Figure 1), we further observed that the polyimide expansion rate
decreases under continuous laser irradiation until a maximum and stable blister/structure
is reached. Consequently, the occurring structure implies that the polyimide accumulates
energy over time E(t) (stored energy) until a final equilibrium is reached that cannot be
surpassed (Equation (1)). This behavior strongly resembles the mechanistic analogue of
a charging capacitor. For simplicity, the equilibrium energy is only considered to depend
on the laser irradiance and lasing duration. Other potential influencing parameters, such
as heat transfer and thermal expansion of the polyimide, are not explicitly characterized,
since they should implicitly influence the accumulation of stored energy. Furthermore, the
distance between irradiated locations is experimentally determined to be large enough to
neglect the effect of residual heat.

E(t > teq) = Eeq )

The stored energy at t + f is approximated up to the first order by Equation (2), which
leads to Equation (3) after evaluating f at toq. Within this equation, a material (polyimide)
dependent parameter k is introduced, which specifies the ability of the material to accu-
mulate energy per unit time. This parameter indicates the proportion of storable energy
Eeq — E(t) that the material can accumulate over a distinct time frame (i.e., increase in
stored energy E(t) over time). This captures the observed effect of continuously decreasing
polyimide expansion toward the maximum achievable expansion. Utilizing the initial
temporal boundary condition E(t = 0) = 0, which captures the initial zero-expansion,
Equation (3) can be solved to obtain Equation (4) for the progression of the stored energy.
Thus, the expansion of the polyimide can be described by the (inverse of the) exponential
decay function.

E(t+F) =E(t) + di—?)f ()
d%” — k(Eeq— E(t) withk € R 3)
E(t) = Eeq(1 — e ") 4)

The expansion of the polyimide volume Vp is a result of the mechanical work induced
by this stored energy (E(t) « Vp(t)). Furthermore, as an increasing polyimide expansion
(increasing Vp) induces an increasing material deposition, the expanded and transferred
volumes can be assumed to be proportional Vp(t) o Vr(t) to each other (neglecting higher
order and non-linear terms, such as donor coating thickness, phase change, and gas expan-
sion). To obtain a relationship for the spot width dr, which is another observable quantity
of interest, the deposited bell-shaped volume over a circular area At is approximated by a
characteristic height /it .. For simplicity, the deposition is assumed to expand isotropically,
and therefore, the characteristic height relates to the spot width via a constant, which yields
Equations (5)—(7).

Vr(t) o< Archre = Vi(t) o« d® with Ao ~ ;—td% and hy  dr ®)
Vr(t) = aEeq(1 —e ™) witha € R (6)
dr(t) = B(Eeq)3(1—e )5 with B e R @)

Next to the polyimide expansion, a proportionality between the laser beam diameter
and maximum contact area was observed [31], which is represented by Equations (8) and (9),
assuming a circular contact and deposition area. Following this observation, the focused
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Gaussian laser beam intensity distribution with radial coordinate r, total power P, set
power P;, and focused beam radius w (=25 pm FWHM = ~42.5 um 1/¢?; Figure S1) can
be used to define the intensity threshold of the beam radius with the lowest laser power
Equation (10). Through this definition, the change of the beam diameter with an increasing
laser power can be captured by Equation (11).

hean & Vimax = lim Vr(t) = aEeq ®)
. 1
ABeam dT,max = tll)n;o dT(t) = .B(Eeq)3 9)
2P (12 2Pmin o

I(r,P) = e (6)" = I(r = w, P = Ppin) = e (10)

) 2 . .
I(r=RP=p)= 20,28 L2min,2 g w\/2<1+1n( P >) (11)

W oy Prin

By now, only an optimal deposition procedure was considered. To account for (weak)
lasing parameters without material deposition, constant lower boundary values V1 nin and
AT min are introduced, which express the required minimal stored energy for a material
deposition. Finally, through the laser power dependent limit and constant threshold
values, the deposited spot volume and width can be stated by Equations (12) and (13).
These contain two fitting parameters (for the spot volume and width respectively) and the
unknown material dependent constant. For completeness, the maximum (or characteristic)
surface expansion /p is also determined Equation (14).

3
VT(t) = (ﬂw\/Z (1 + ln( Pi ))) (l - eikt) — VI min with &, VT min € R (12)
Pmin

dT(l’) = ECU\/Z (1 + 11’1<Ppi )) (1 — e_kt)% — dT,min with B, dT,min eR (13)

min

P:
hp(t) = ’7’60\/2 (1 + 11’1<P L >> (1 - Eikt)% - hP,min with 7, hP,min eR (14)

min

To validate the expressions, a parameter variation in lasing power and duration of a
Rhodamine 150 donor substrate material deposition (spot width dr(t) and volume V7 (t))
was measured via fluorescence imaging (Fluo) and vertical scanning interferometry (VSI).
Additionally, the previously published high-speed imaging measurements [31] of the maxi-
mum polyimide expansion were used to validated the expression /ip. These measurements
show a good agreement (low root-mean-square deviation) with the predicted trend based
on lasing power and duration (Figure 2 and Table S1). Furthermore, the material depen-
dent parameter k varies by ~13.6 % and ~39.3 % between the VSI spot width (d7 VSI)
and volume (V7 VSI) and fluorescence spot width Fluo (d1 Fluo) respectively (Table S1).
This minor variation is contrasted by the larger Fluo and VSI spot width measurements
(Figure 2a,b), which can be ascribed to the different detection limits of Fluo and VSI (sub-
nanometer vs. nanometer). Thus, Fluo is preferred to precisely detect minimal amounts of
material deposition. Finally, a deviation from the model is observed for the spot width and
volume with low lasing power and short lasing durations, as well as high lasing power and
long lasing durations for the spot volume. For example, the spot volume deposition with
110 mW lasing power and below 12 ms lasing duration, as well as 210 mW lasing power
and above 15 ms lasing duration is mispredicted. The misprediction can be ascribed to the
simple constant as a minimal threshold value (e.g., V1 min) and the neglect of the plastic
polyimide expansion.



Appl. Sci. 2022,12,1361 6 of 10

a 300 b 300— —
— 210 mW Vertical scanning interferometry
=— 160 mW == Theo. prediction
—_ =— 110 mW —_ s Ex. measurement
g == 60mW g — 210mW
5‘ 200 3‘ ALY — 160 mW
= = — 110 mW
) )
2 I =
= z
= 100 « 100
=} =}
[oF (=¥
0 Fluorescence imaging 0
= Theo. prediction
* Ex. measurement
0 5 10 15 20 0 5 10 15 20
Lasing duration [ms] Lasing duration [ms]
C Vertical scanning interferometry d — 210 mW
3004 = Theo. prediction 30 — 160 mW
— * Ex. measurement E‘ = 110 mW
ma —_— 210 mW 3_ 40 — 60 mW
=5 200] — 160mW =
© = 110 mW fﬂ‘ﬂH o 30
£ El
= L2173 §
o 100
9 :3 20
e <
&y : : % 10
2 High-speed imaging
0 = Theo. prediction
¢ [Ex. measurement
0 5 10 15 20 0 5 10 15 20
Lasing duration [ms] Lasing duration [ms]

Figure 2. Time progression of the material deposition and maximum polyimide surface expansion
with varying lasing powers: the material deposition (spot width (a,b) and volume (c)) time pro-
gression over 20 ms lasing duration with four different lasing powers of a Rhodamine 150 donor
substrate is shown. An example of an evaluated Fluo and VSI image is appended in Figure S2. The
maximum polyimide surface expansion (d) was measured via the high-speed imaging of a donor
substrate without a polymer coating.

3.2. Ejection-Based Transfer Mechanism

The phenomenon of a ring structure through an artificially introduced gap between the
acceptor and donor substrate was previously reported by us [31]. It was not explicitly stated
that the material deposition occurs for acceptor—-donor substrate distances beyond the max-
imum polyimide expansion. However, this secondary transfer mechanism is particularly
relevant for large scale material deposition, since the non-zero expansion of the polyimide
after relaxation induces local distances between the donor and acceptor substrates.

To solely investigate the effect of different acceptor—donor substrate distances, a spacer
(200 pm thickness) was attached on one side of an acceptor substrate (Figure S3) and con-
stant lasing parameters were used (160 mW and 10 ms). This setup enabled the simultane-
ous investigation of an acceptor-donor substrate distance, ranging from 0 pm to 200 pm.
The minute amount of deposited material made it impossible to detect the material de-
position precisely through VSI. Thus, only Fluo measurements could be analyzed. Not
only was an exponential decrease in the mean and line spot intensity observed (Figure 3a),
but the occurrence of a ~1.5-2 orders of magnitude weaker ring structure was detected
(Figure 3b). This ring structure surrounds and increases its radius from the main spot
deposition with an increasing distance between the acceptor and donor substrates until the
main spot deposition vanishes. It is evident that a secondary transfer mechanism exists.
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Figure 3. Ejection-based material deposition: Material deposition from a Rhodamine 150 donor
substrate with 160 mW and 10ms lasing power and duration over an acceptor-donor substrate
distance of up to 130 pm (a). These depositions show an exponential decrease in the fluorescence mean
and line spot intensity with an increasing distance between acceptor and donor substrates. Specifically,
a decrease from ~6 - 10° [a.u.] to &5 - 10! [a.u.] and from ~2.8 - 10* [a.u.] to ~7 - 10! [a.u.] for the
mean and peak spot intensity is observed. In addition, a 1.5-2 magnitudes weaker ring structure is
observed (b), which increases its radius with an increasing acceptor—donor substrate distance. Finally,
the assumed ejection in normal direction of the donor substrate polyimide expansion over a distance
zo toward the acceptor substrate for two time points ((c); red and blue) and the qualitative shape
function B(r)|,, for different zg is shown ((d); T = 10ms, P = 160mW, and w = 42.5um).

The material deposition occurs for acceptor-donor substrate distances above 40 pm
(maximum polyimide surface expansion of the used lasing parameters; Figure 2). Therefore,
the secondary effect is most likely ejection based. Additionally, the polyimide expansion
in the normal direction of its own surface (at a given time) implies that the laser-induced
temperature gradient acts as a force into that direction. With this constraint, it can be as-
sumed that in the first order, the material ejection is in the normal direction of the polyimide
expansion, which is similar to the secondary effect of the blister-actuated LIFT [32]. Based
on this assumption, the transformation 6(r, t) can be stated Equation (15), which maps the
ejection from the donor onto the acceptor substrate (Figure 3c).

0(r, ), =1+ Ar(r,t)|,, =7+ (20 — 2(r,t)) tan(a(r,t)) withzg > z(r,t) (15)

To analyze the secondary order effect and no superposition with the contact-based
material deposition, the distance z) between the acceptor and donor has to be larger than
the polyimide expansion z(r, t). Since the polyimide showed a bell-shaped expansion and
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the maximum polyimide surface was already analytically determined Equation (14), the
expansion z(r, t) can be stated by Equation (16). Then, c(t) can be set to hp(t) Equation (17),
because a ~23:1 radius to height ratio of the polyimide expansion was observed. With this
approximation, 99.7% of the polyimide surface expansion is covered. The term tan(a)
can be obtained through the derivative of Equations (17) and (18) and thus, the geometric
mapping can be obtained by Equation (19).

2(r,1) = hp(t)e~(7) (16)
2(r,8) = hp(t)e” (D) (17)
tan(a(r,t)) = —Zhlf(t)e_(h;“>> (18)

0(r,1)],, = r <1 ) (zohp(t) - e(hzf<r>>2> e<hp’<f>>2> (19)

As of now, the ejection was considered to be equal for every location. However,
this would imply that the largest irradiance (location » = 0) has the same ejection as
the lowest (r — o0). Thus, the ejection is assumed to be related to the induced Gaussian
irradiance, which results in Equation (20) after introducing the mapping (7, t) — 0(r, t)|,,.
Through this proportionality, the distribution of ejection over the lasing duration can
be expressed by Equation (21). The distribution contains the qualitative shape function

B(r)|,, Equation (22), which characterizes the observed main spot with its surrounding

ring structure in two dimensions (Figure 3d).
P(O(r £)]5,t) < I(O(r, 1), 1) (20)

0rlzg \
T T 2p —2 T0
RO, = [ o0 D]y it = 20, [ e ) el)
00Dz \ 2
r2p -2 —52°

As observed within the experiment, an increasing distance between the acceptor and
donor substrates z( reduces the width of the center peak (i.e., main spot) and shifts the two
surrounding peaks (i.e., ring structure) to the outside (Figure 3d). Yet, the shape function
does not capture the ejection ratios between the main spots and ring structures. Moreover,
the location of the ring structures (for the different acceptor—donor substrate distances) are

falsely predicted. For completeness, it was identified that the function R(r) |20 follows an
exponential form (Figure 54 and Equation (23)).
R(r)|,, = n(r)e P72 with Z = max(z(r, t)) (23)

4. Conclusions

An analytical solution for the contact-based material deposition and maximum poly-
imide expansion through the cLIFT was derived, which is based on the energy storage
within the sacrificial polyimide layer and used lasing parameters. The solutions were
quantitatively validated through fluorescence imaging, vertical scanning interferometry,
and high-speed imaging measurements. A low root-mean-square deviation was measured,
but mispredictions for extremely low lasing powers and short lasing durations, as well as
extremely high lasing powers and long lasing durations are evident. Subsequently, the
material deposition with an artificially introduced gap between the acceptor and donor sub-
strates was investigated. Specifically, material deposition with an acceptor-donor substrate
distance beyond the maximum polyimide expansion was observed. Furthermore, a main
spot with a decreasing radius and a surrounding ring structure with an increasing radius
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was detected. Since the material deposition occurred without a contact between the accep-
tor and donor substrates, an ejection-based material deposition in the normal direction of
the expanding polyimide surface was assumed. Based on this geometric constraint and an
intensity-based ejection distribution, an analytical solution for the material deposition with
a distance between acceptor and donor substrate was proposed. This solution qualitatively
describes the observed ejection-based material deposition.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app12031361/s1, Figure S1: Laser spot intensity measurement, Figure S2: Rhodamine 150
donor substrate, Figure 53: Material deposition with an acceptor-donor substrate distance, Figure S4:
Experimental identification of the ejection-based material deposition R(r)|,, Table S1: Model param-
eters, Table S2: Spin-coating parameters [35-37], Table S3: Coating thickness calculation [38].
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