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ABSTRACT: The accuracy of Laser-induced forward transfer (LIFT) with a moving donor and receiver was
examined, A nanosecond-pulse laser with a 1064 nm central wavelength onto a 400 nm thick film of gold (Au)
was used as a setup. Droplet ejection was well predicted by existing literature on nanosecond LIFT of gold
though ablation spots were found on the receiver. No dependence of the donor morphology on the repetition rate
was observed. A linear dependence of the deposition deflection on the donor velocity and donor acceleration
were found with the deviation still being dominant and within expectations. A step response assembly-scheme
was created and analysed. For preserving acceptable deposit accuracy. Constraints on the four mechanical
parameters were established. These findings show the viability of the LIFT setup made and establish constraints
on LIFT scalability using a step response scheme and for adjusting a system with a changing equivalent mass.
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1 INTRODUCTION

3D printing is a recently created group of manufactur-
ing methods that allows manufacturing from a pre-
recorded digital input file. It is a rapidly growing
technique for many different kinds of materials. [1]
For metals, there is a large interest in depositing small
structures because of the widespread use of this class
of materials, for example, in electronics.
Direct writing methods, which allow the printing of
material from a pattern one voxel at a time, are well
suited to meet this upcoming digital demand [2]. Ex-
amples of current widespread direct-writing methods
are inkjet printing and aerosol printing. However,
these techniques have constraints on the rheology of
processable inks and on the printable resolution [3].

Laser-induced forward transfer, LIFT, is a direct-
writing technique involving a pulsed laser to propel
a volume of material onto a surface. LIFT was first
termed in 1986 when Bohandy et al. [4] successfully
deposited copper (Cu) using an examiner laser. Fig-
ure 1 [3] visually shows the LIFT process.

In the classical and most common LIFT configura-
tion, a pulsed laser is focused at the intersection of a
transparent plate (carrier) and a thin film (donor).
As a result, material is transferred from the donor. A
surface plane (receiver) parallel to the carrier sub-
strate separated a few microns from the donor col-
lects the transferred material. With metal donors, the
radiative energy of the laser pulse is absorbed in the

donor; This leads to rapid melting and partial vapor-
ization of a well-defined volume of the donor result-
ing in a drop-based ejection towards the receiver [3].

Figure 1: Laser-induced forward transfer. Adapted from: [3]

Droplet-based LIFT of metals is gaining traction as
a microfabrication method due to the high degree of
control of droplet formation, the easy implementation
and the competitive resolution (sub-100 nm to µm)
compared to other additive manufacturing methods
[5] and is now being explored for the microfabrica-
tion of, for example, metal circuits [6], vias [7], pho-
tonic structures [8] and microscale 3D printing [9].
Previously, Feinaeugle et al. [10] used a sacrificial
approach combining LIFT and chemical etching to
make complex free-standing metallic microstructures
with a pulse rate (repetition rate) of 1.5 Hz.
However, to create better microfabrication scalability,
higher printing speeds (donor speed, donor accelera-
tion, repetition rate) should be closely examined [11].



For this paper, a setup of classical LIFT was made and
focused with a nanosecond laser with a central wave-
length of 1064 nm onto a 400 nm thick gold film:

1. The morphologies of the donor and the receiver
substrate were examined to analyse the nature of
the material transfer mechanism.

2. The threshold fluence was measured and com-
pared with existing literature on nanosecond
LIFT of metals for smaller central wavelengths.

3. The dependence of the deposition position on
the donor-receiver speed (speed) was examined
within the range of 20 mm/s to 52 mm/s.

4. The dependence of the deposition posi-
tion on the donor-receiver acceleration
(acceleration) was examined within the
range of −1.97 m/s2 to 1.97 m/s2.

5. The dependence of the donor surface morphol-
ogy on the repetition rate was examined within
the range of 1 kHz to 10 kHz.

6. A theoretical scheme of applying multiple step-
inputs (assembly) was created and examined.

7. The speed and acceleration of this step response
scheme were compared with the results of the
deposition position measurements to examine
constraints on the four mechanical parameters
(m, d, k, h) of a system.

2 THEORETICAL

2.1 Ejection Mechanism

The laser pulse duration spent at or above 1/e of its
maximum power is termed the laser pulse width.
For LIFT with a pulse width on the order of nanosec-
onds and using metallic donors, Figure 2 [3] breaks
down the transfer mechanism into four phases:

Figure 2: Deposition mechanism of liquid LIFT of metals. Four
phases exist: (1) the laser pulse heats the interface of the film at
the donor substrate; (2) a resulting melt front propagates through
the film until it reaches the free surface; (3) at about this time, the
material at the interface is superheated beyond its boiling point
until; (4) the resulting vapour-induced pressure at the interface
propels the molten film forward towards the receiver. [3]

The total radiative energy per unit area of a laser pulse
(fluence) on the donor surface has a strong effect on
the transfer (deposition) mechanism that occurs.
Wu et al. [12] found two threshold fluences for
nanosecond LIFT of metals, creating three ejection
regimes: The non-release regime, the single droplet
regime and the splash regime for increasing fluences.
Schultze and Wagner [13,14] found two more deposi-
tion modes for nanosecond LIFT of metals. Transfer
of thin donor films and/or moderate fluences results
in deposits smaller than the laser spot size. Transfer
of thick donor films and/or large fluences results in
deposits larger than or close to the laser spot size.

2.2 Threshold laser fluence

The thermal diffusion length, Lth, is a measure
of the rate at wich heat propagates through a ma-
terial and is another important parameter for deter-
mining the nature of transfer. It was estimated with
Lth = 2

√
ατp [5] where τp = 50 ns is the laser pulse

width [15] and α = 1.27 cm2/s [16] is the thermal
diffusivity of solid gold (Au), giving Lth = 5.04 µm.
This is an order of magnitude above the film thick-
ness, making the film near-isothermal throughout its
thickness [17]. This means that a full-thickness cylin-
der with the laser spot size as the diameter needs to
be superheated to its boiling point. Equation (1) then
estimates the threshold fluence, φAu [18]:

φAu = D
Cp,sTs + Cp,lTl + ρ(Lm + Lv)

1−R
[J/m2] (1)

where Ts = 1064 K and Tl = 1766 K are the tem-
perature rises in the solid phase and liquid phase re-
spectively, Cp,s = 2.48 MJ/(m3K) and Cp,l = 2.90
MJ/(m3K) [19] are the heat capacities of solid gold
and liquid gold respectively, Lm = 64.5 kJ/kg and
Lv = 1645 kJ/kg are the latent heat of melting and the
latent heat of vaporization of gold respectively, D =
400 nm is the donor film thickness, ρ = 19.3 · 103
kg/m3 is the mass density of solid gold and R = 0.99
is the optical reflectance for a semi-infinitely thick
plate of solid gold [20]. Equation (1) then gives a
threshold laser fluence of φAu = 163.01 J/cm2. [18]

2.3 Ejection Trajectory

Besides just the threshold fluences, the ejection tra-
jectory is also heavily dependent on process parame-
ters and, in particular, the distance between the donor
and the receiver (gap spacing), ∆z.



Pohl et al. [18] achieved nanosecond LIFT with a 200
nm gold film and observed deposition at ∼ 10 m/s at
a deflected angle 0◦ ≤ θ ≤ 42.5◦ with the vertical in
the radial direction, giving a spread in deposition.
Sano et al. [21] performed nanosecond LIFT on gold
films and observed a dependence of the deposition
spread on the laser fluence. Higher laser fluences in-
creased the deposition angle, θ.

2.4 Receiver Substrate Ablation

At very high laser fluences, material can also be re-
moved directly from a surface (ablation) when ex-
posed to fluence above the ablation threshold fluence.
Rastogi et al. [22] examined ablation of BK7 glass,
the receiver substrate material, for a 9 ns pulse laser
with a central wavelength of 1064 nm. An ablation
threshold laser fluence, φBK7, of 75 J/cm2 was found.
Chen et al. [23] found a power relation φBK7 ∝ τϑp of
the threshold laser fluence of BK7 glass with the laser
pulse width, τp, where 0.3 < ϑ < 0.6. For τp = 50
ns, this results in 125 J/cm2 < φBK7 < 209 J/cm2.

3 EXPERIMENTAL

3.1 Experimental Setup

Figure 3 schematically shows the experimental setup
that was made by the author.
In the setup, pulses with a laser pulse width of 50 ns
for a laser source (redENERGY G4Z A1, SPI) oper-
ating at a central wavelength of 1064 nm with a Gaus-
sian spatial profile (M2 ≤ 1.6), were focused onto the
interface of a borosilicate glass carrier and the donor.
The donor is a sputtered 400 nm thick gold film.
A 25.6 mm plano-convex lens (LA1229-C, Thor-
labs) was mounted - along with two dielectric mir-
rors (BB1-E03P, Thorlabs) - onto a linear translation
stage (ATS100-100-BRK, Aerotech) to adjust the fo-
cus distance in the vertical (z) direction.
The carrier-donor and receiver laid in near-contact.
Focusing with an optical microscope measured a gap
spacing of ∆z < 43 µm between the two surfaces.
The carrier-donor-receiver assembly was mounted
onto a Cartesian set (x, y) of linear translational
stages (ALS130-150-LTAS-25DU-NC, Aerotech).
Gold was chosen for its compliance with LIFT se-
tups due to its resistance to oxidation, good tempera-
ture stability, and low loss in the near-infrared (NIR)
range [24], along with good process documentation
and relevance to microelectronic development.

3.2 Measuring Equipment

The correct focus distance for a wavelength of 1064
nm was obtained by irradiating a metal coin on the re-
ceiver mount at a continuous range of focus distances.
The setting that gave the largest features on the coin
was converted into the equivalent setting for LIFT1.
The mean pulse energy was measured using a mul-
timeter (FieldMaxII-TO, Coherent) combined with a
laser power sensor (PowerMax-USB PM10, Coher-
ent) positioned in the path of the laser between the
focusing lens and the carrier substrate.
Morphologies of the donor surface and the receiver
deposits were examined using optical microscopy
and dark field microscopy (DMRM, Leica Leitz).

3.3 Pulse Energy Measurements

With a repetition rate of 1 kHz, a sequential series of
pulses was irradiated for a variety of mean pulse en-
ergies in a range of 36.5 µJ to 73.5 µJ. During period-
ical irradiation, the (y)-stage was moved in a straight
line at a speed of 20 mm/s to ensure that the craters in
the donor were spaced and did not interact.

3.4 Repetition Rate Measurements

With a mean pulse energy of 42.5 µJ, a sequential se-
ries of pulses was irradiated for a variety of repetition
rates, r, in a range of 1 kHz to 10 kHz. During period-
ical irradiation, the (y)-stage was moved in a straight
line at a speed of r · 10 µm.

3.5 Deposit Position Measurements

With a repetition rate of 1 kHz and a mean pulse en-
ergy of 42.5 µJ, a sequential series of pulses was irra-
diated. During periodical irradiation, the (x, y)-stages
made two different sine-wave movements.
One with a translation speed of 20 mm/s with a 10 Hz
transverse oscillation at an amplitude of 0.5 mm, and
another with a translation speed of 40 mm/s with a 10
Hz transverse oscillation at an amplitude of 0.5 mm,
to ensure that the craters in the donor were spaced
and did not interact. This varied movement through
a range of speeds and accelerations from 20 mm/s to
52 mm/s and −1.97 m/s2 to 1.97 m/s2 respectively.

1Refraction in the carrier substrate was considered using
Snell’s law of refraction [25]. The index of refraction was found
using the Sellmeier equation [26]. The beam radius entering the
plano-convex lens was found using a continually adjustable pin-
hole. The optimal laser spot size, 2ω0, was also computed.



Figure 3: Schematic of the experimental LIFT setup that was made and used for the experiments. Dimensions are not to scale.

4 RESULTS

4.1 Pulse Energy Measurements

Figure 4 shows the donor-carrier interface surface:

Figure 4: Optical top-view of the donor-carrier interface surface
at (1) 36.5 µJ, (2) 38.4 µJ, (3) 42.5 µJ, (4) 44.5 µJ, (5) 49.7 µJ,
(6) 53.1 µJ, (7) 64.2 µJ, (8) 65.3 µJ, (9) 70.1 µJ, (10) 73.5 µJ.

Figure 4 shows that above the mean pulse energy
threshold of 42.5 µJ, the donor morphology changes
from irregular ”markings” to the creation of a ”black”
hole. Thus, 42.5 µJ is the pulse energy threshold.
Figure 5 shows a single donor crater at this mean
pulse energy and shows two distinct features;

Figure 5: Top-view of the donor-carrier interface surface crater
at 42.5 µJ with (a) optical microscopy, (b) dark field microscopy.

The first feature is a ”centre circle” of removed ma-
terial. This is surrounded by the second feature, a
”ring” of ablated or deformed material.
With a transmissivity of the carrier substrate (borosil-
icate glass) of 0.945 [26] and a spot size of 5.61 µm,
a threshold laser fluence of 162.48 J/cm2 is found.
Table 1 summarises the predicted parameters versus
the measured parameters. It shows that the thickness
of this ”ring” lines up with the computed thermal dif-
fusion length and the ”inner circle” diameter is within√
2 of the computed optimal spot size, and the laser

threshold fluence lines up with the predicted value:
Table 1: Predicted parameters versus measured parameters.

Term Predicted Measured Difference
Lth 5.03 µm 5.08 µm (+)0.99%
2ω0 4.4 µm 5.61 µm (+)27.5%
φAu 163.01 J/cm2 162.48 J/cm2 (−)0.3%

4.2 Repetition Rate Measurements

Figure 6 shows the donor-carrier interface surface:

Figure 6: Optical top-view of the donor-carrier interface surface
at 42.5 µJ with (1) 1 kHz, (2) 2 kHz, (3) 3 kHz, (4) 4 kHz, (5) 5
kHz, (6) 6 kHz, (7) 7 kHz, (8) 8 kHz, (9) 9 kHz, (10) 10 kHz.

Figure 6 shows that there were no significant differ-
ences in donor morphology.



4.3 Deposit Position Measurements

4.3.a Qualitative
Figure 7 shows the receiver substrate surface and
shows five different observations:

Figure 7: Optical top-view of the receiver substrate surface.

These observations consist of the following:

• The brightly coloured discs are the deposited
gold droplets. Deposited single droplets were
observed to have a diameter of ∼ 3.69 µm.
Few satellite droplets were observed near of this
droplet, meaning that all donor crater volume
was transferred into a single droplet regime.

• The droplet was observed to be smaller in di-
ameter than the crater size on the donor-carrier
interface surface, supporting the occurrence of
LIFT in the thin film regime; Full melt propaga-
tion then occurred during ejection [13, 14].

• Another sequential set of discolourations is ob-
served on the receiver. These were ablation spots
of the receiver substrate material. This means
that the laser through transmission of the gold
film, before ejection occurs, exceeded the abla-
tion threshold laser fluence of the receiver.

• The diameter of the ablation spot, 5.39 µm,
closely matched the found spot size ((+)3.9%).

• The volume of a half-sphere with 3.69 µm had
the same volume as a cylinder with a length of
400 nm ((+)0.6%) and a diameter of 5.61 µm.
Assuming an equal mass density between both
volumes with the mass density of solid gold at
room temperature, this means that the deposited
droplets had a half-spherical profile, and ejection
in the single-droplet regime occurred.

• The difference in location of the deposited
droplets and the ablation spots (irradiation posi-
tion) shows droplets underwent a translation,
δδδxxx, with respect to the receiver and donor.

4.3.b Quantitative
The difference between the ablation spot position and
the droplet position gave the droplet translation2.
The involved nonlinear effects to the droplet trans-
lation cannot generally be decomposed via superpo-
sition. Equation (2) therefore consciously splits the
droplet translations into two components3: the com-
ponent, δxv̂vv, of the velocity, v̂vv, and the component,
δxâaa, of the acceleration, âaa:

δδδxxx = δxv̂vvv̂vv + δxâaaâaa [m] (2)

Figure 8 shows the droplet translation component of
the velocity plotted against the speed:
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Figure 8: The translation component, δxv̂vv, of the velocity versus
the speed, v. A dependence of δxv̂vv = v · −0.0933 ms was com-
puted with a squared correlation coefficient of R2 = 0.4412.

The trend in Figure 8 shows that at a speed of vmax =
39.54 mm/s, the droplet translation component ex-
ceeds the droplet diameter and becomes undesirable.
Figure 9 shows the droplet translation component of
the acceleration plotted against the acceleration, and
the trend shows that until an acceleration of |amax| =
1.97 mm/s2, the droplet translation component is be-
low the droplet diameter and remains desirable.

2The translations of droplets with a diameter above 4 µm
were plotted. Some depositions occurred in the splash regime.
These depositions were neglected in this analysis.

3The basis (v̂vv, âaa) is generally not orthonormal. This makes
splitting the translation into two components more delicate.
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Figure 9: The droplet translation component, δxâaa, of the ac-
celeration versus the acceleration, a. A dependence of δxâaa =

a · −0.6085 ms2 was computed with a squared correlation coef-
ficient of R2 = 0.0333.

Both graphs also show deviation in components in a
continuous range of a size below ∆z

√
2 cos(42.5◦) =

43.7 µm, which agrees with existing literature [18].
Table 2 shows a statistical analysis for both relations
and shows that they are both statistically significant:

Table 2: The z-value, zR, or a random/coincidental distribution,
a Gaussian distribution with µR = 0, σR = 1/

√
n, assumed for

R is computed for the obtained R. n is the measurement count.
Relation R σR zR

δxv̂vv = v · −0.0933 ms 0.6642 0.0913 7.2763
δxâaa = a · −0.6085 ms2 0.1825 0.0913 1.9990

5 DISCUSSION

5.1 The Step Response

The linear second-order step response of a time-
invariant single-input-single-output (SISO) system
was examined4. In the time-domain, t, Equation (3)
shows the constraints on the deflection, u(t), captured
by a time-invariant differential equation [27]:

mü(t) + du̇(t) + ku(t) = F (t) [kgm/s2] (3)

where m is the equivalent mass, d is the equivalent
damping factor, k is the equivalent stiffness and F (t)
is the equivalent external load on the system.

4For flexure-based systems and systems using LIM’s, this is
a valid assumption for small deflection magnitudes.

The initial conditions of u(0) = 0 m/s and u̇(0) = 0
m/s2 were used. A step-input was used, which means
F (t) = hH(t) where h is the equivalent input and
H(·) is the Heavyside step-function.
Equation (4) gives the general solution5 to this differ-
ential equation for the given external load and initial
conditions, the step response, uh(t), for t ≥ 0 [28]:

uh(t) = S − S
ωn

ωd

e−ζωnt sin(ωdt− β) [m] (4)

where ωn ≡
√

k/m is the angular natural fre-
quency, ζ ≡ d/(2ωnm) is the relative damping, ωd ≡
ωn

√
1− ζ2 is the angular damped natural frequency

and β ≡ arcsin ζ is the phase shift. S ≡ h/k is the
step size, which maximally equals the droplet diame-
ter of 3.69 µm.
The response reaches the intended step at the rise
time, tr ≡ (π/2 + β)/ωd, and will maximally over-
shoot at the peak time, tp ≡ π/ωd, before undergoing
a damping oscillation at an angular frequency of ωd.

5.2 Assembly of Multiple Step Responses

Equation (5) assembles j step-inputs. The deflec-
tion can be computed with Equation (4) and linear
superposition analogous to a discrete convolution.

F (t) = h

j−1∑
i=0

H(t− tpi) [kgm/s2] (5)

It was noticed that uh(tr + tpi) = h for all i ∈ N
always holds and at tp the response always equals the
initial velocity. Thus, the movement path becomes:
engage the next step-input at tp and eject a droplet at
tr after engaging the new step input.
This step response assembly can be used to achieve
equally spaced ejections of droplets.
However, Equations (6),(7) show a nonzero velocity
and acceleration are present at tr + tpi for all i ∈ N:

u̇h(tr + tpi) = (−1)iSωne
−ζωn(tr+tpi) [m/s] (6)

üh(tr + tpi) = (−1)iSω2
nζe

−ζωn(tr+tpi) [m/s2] (7)

It can be shown that, using a finite summation of a ge-
ometric sequence, the total velocity and acceleration
at ejection of this assembly of step responses have a
strictly smaller magnitude than would result from a
single step response. Therefore, the obtained veloc-
ity and acceleration limits are merely applied to the
”worst-case” scenario of a single step response at tr.
This logically means v = u̇h(tr) and |a| = üh(tr).

5An underdamped system (0 < ζ < 1) was taken.



5.3 Constraints on the four Mechanical Parameters

Equation (8) defines the printing speed, V :

V ≡ S

tp
=

Sωd

π
=

Sωn

π

√
1− ζ2 [m/s] (8)

u̇h(tr) equals Sωn times a dimensionless function,
f(ζ). üh(tr) equals Sω2

n times a dimensionless func-
tion, g(ζ). Equations (9),(10) alternatively give V by
substituting Equation (8) for ωn and solving for V :

Vv(ζ, v) =
v
√

1− ζ2

πf(ζ)
[m/s] (9)

Va(ζ, a) =

√
S|a| (1− ζ2)

π2g(ζ)
[m/s] (10)

Figure 10 plots both functions at: vmax and amax:
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Figure 10: Logarithmic plot of Vv(ζ, vmax) and Va(ζ, amax).

Because the droplet translation components are pro-
portional to v and a respectively, droplet translation
is acceptable if the state (ζ, V ) is below both curves.
Thus, a valid couple of ζ and V can be manually cho-
sen from this graph. Equations (11),(12),(13) then
gives the constraints on the four mechanical parame-
ters (m, d, k, h) for the chosen couple of ζ and V :

k =
π2V 2

S2 (1− ζ2)
m [kg/s2] (11)

d =
2πζV

S
√
1− ζ2

m [kg/s] (12)

h =
π2V 2

S (1− ζ2)
m [kgm/s2] (13)

6 CONCLUSIONS

Overall, nanosecond LIFT was proven with a central
wavelength of 1064 nm onto a 400 nm thick gold film:

1. Close matchings of the thermal diffusion length
and the laser spot size were found within the
morphology of the donor crater. Single droplet
depositions in the thin-film regime were found,
although glass ablation spots were also found.

2. A threshold laser fluence of 162.48 J/cm2 was
found and lined up with literature for nanosec-
ond LIFT of metals for smaller wavelengths.

3. For the speed range of 20 mm/s to 52 mm/s, a
trend of δxv̂vv = v · −0.0933 ms was found.

4. For the acceleration of −1.97 m/s2 to 1.97 m/s2,
a trend of δxâaa = a·−0.6085 ms2 was found. The
observed deviations in translation lined up with
literature and were dominant over both trends.

5. For repetition rates between 1 kHz and 10 kHz,
no differences in donor morphology were found.

6. A step responses assembly with periodical spac-
ing was created; The next step-input gets excited
at the peak time with ejection at the rise time.

7. A valid couple of ζ and the printing speed can
be manually chosen with Figure 10. Constraints
on the mechanical parameters (m, d, k, h) were
found. Equations (11),(12),(13) shows that the
coefficients are given by ζ and the printing speed

The results show the viability of the LIFT setup made
and can be used for making an experimental LIFT
setup, giving constraints on the scalability of LIFT
printing speed using a step response assembly and ad-
justing a system with a changing equivalent mass.
Future research should consist of examining droplet
translations for even higher velocities, accelerations,
and repetition rates and for different material classes.
Additionally, droplet translation in a LIFT setup with
a galvanometric scanner and/or carrier-donor and re-
ceiver that move independently should be examined.
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“Toward 3d printing of pure metals by laser-induced for-
ward transfer,” Advanced materials, no. 27, pp. 4087–
4092, 2015.

[10] M. Feinaeugle, R. Pohl, T. Bor, T. Vaneker, and G. willem
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