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Abstract: Blister formation occurs when a laser pulse interacts with the underside of a polymer
film on a glass substrate and is fundamental in Laser-Induced Forward Transfer (LIFT). We
present a novel method of controlling blister formation using a thin metal film situated between
two thin polymer films. This enables a wide range of laser pulse energies by limiting the laser
penetration in the film, which allows us to exploit nonlinear interactions without transmitting high
intensities that may destroy a transfer material. We study blisters using a helium ion microscope,
which images their interiors, and find that laser energy deposition is primarily in the metal
layer and the top polymer layer remains intact. Blister expansion is driven by laser-induced
spallation of the gold film. Our work shows that this technique could be a viable platform for
contaminant-free LIFT using nonlinear absorption beyond the diffraction limit.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Laser-Induced Forward Transfer (LIFT) has received a great deal of attention due to its versatility,
simplicity, and its potential to deposit materials over length scales ranging from nanometers to
millimeters [1–3]. LIFT involves focussing a laser pulse through a transparent support substrate
onto the rear side of a thin film of the material to be transferred, which is called the donor.
Another substrate, which is called the receiver, is placed on the donor material with or without a
spacer to accept the transfer material [3–11].

There has been a transition from using a continuous-wave laser, as in the case of Laser-Induced
Thermal Imaging (LITI), to nanosecond, picosecond, and femtosecond laser pulses in LIFT
processes [12–14]. Advanced versions of LIFT use a dynamic release layer (DRL) between the
donor and support substrate to minimise the contamination of the donor from direct interaction
with the laser. The DRL absorbs laser light and provides thrust either by vaporizing fully, such as
for a triazine film [2,3,14], or by partial heating or vaporization resulting in blister formation
[4–6,10–12]. Ultrafast lasers with femtosecond pulse durations are preferred in achieving
contaminant-free transfer as the energy deposition occurs with minimal thermal diffusion.

In addition to using femtosecond lasers, nonlinear absorption of light in materials plays an
important role in small-scale material transfer at or below the diffraction limit (on the order
of the wavelength of the laser). Work on polyimide blisters with 45-fs pulses using nonlinear
absorption of 800 nm light showed sub-micrometer blister diameters (∼700 nm full width at
1/e2) [15]. Similar work using 15-ns pulses at a wavelength of 355 nm in the linear absorption
regime achieved blister sizes as small as ∼10 µm, which was approximately the size of the
laser spot [5]. Further, we demonstrated that the chemical changes induced by an ultrafast
laser are confined below the polymer surface, leaving the surface chemically intact, as shown

#470141 https://doi.org/10.1364/OE.470141
Journal © 2022 Received 14 Jul 2022; revised 16 Sep 2022; accepted 19 Sep 2022; published 13 Oct 2022

https://orcid.org/0000-0002-6016-3624
https://orcid.org/0000-0002-2802-7390
https://orcid.org/0000-0002-1468-3514
https://orcid.org/0000-0003-3394-5572
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.470141&amp;domain=pdf&amp;date_stamp=2022-10-13


Research Article Vol. 30, No. 22 / 24 Oct 2022 / Optics Express 39923

through focussed ion beam and X-ray photoelectron spectroscopy techniques [16,17]. The size
of laser-induced structures decreases with decreasing film thickness [18], but thinner films are
more prone to rupture [5]. Therefore, minimizing the depth and width of laser energy deposition
will enable thinner DRLs and thus smaller transfer sizes. Metal films have also been used as
DRLs [10,11,19,20]. While these films have much smaller absorption depths, they can lead to
contamination by fragments of metal in the transfer material [21].

We report a DRL called a dynamic release mirror structure (DRMS) that consists of a metal
layer sandwiched between two polymer layers. It is capable of contaminant-free LIFT, since
chemical changes are confined to the glass-polymer interface below the metal layer. It may also
enhance the laser intensity and fluence inside of the film by forming a standing wave in the
polymer below the metal layer that promotes formation of intact blisters below the threshold
energy for a similar polymer film without a metal layer. The central metal layer may also absorb
laser light and reflect excessive intensities which would otherwise be transmitted by a single
nonlinearly absorbing polymer film and damage the donor. Additionally, the technique can be
used from ultraviolet to near-infrared wavelengths and for all pulse durations since metals tend to
be highly reflective and opaque over a broad range of wavelengths. The DRMS configuration
combines the advantages of metals and polymers for DRL-based LIFT.

Figure 1 shows a schematic of our experimental setup. First, an ultrafast laser pulse at 800 nm
wavelength is focussed onto the DRMS. At sufficiently high intensities, the borosilicate glass
substrate may absorb 3 photons of 800 nm light based on its ∼4 eV bandgap [22]. The remaining
energy in the pulse reaches the DRMS. The first layer in the DRMS is a 400-nm-thick PMMA
layer that may undergo nonlinear absorption to drive the expansion of a protruding blister. The
energy left over is then reflected from the central metal layer, which may allow for the laser
pulse to interfere with itself and enhance the intensity and fluence in regions of constructive
interference. In cases where the initial pulse intensity and fluence is below the polymer absorption
threshold, nonlinear absorption driven by standing-wave interference may dominate. PMMA
has a similar bandgap to borosilicate glass [23,24]. In this case it will undergo three-photon
absorption as well. Free-electron absorption may also happen directly in the gold layer [25]. The

Fig. 1. A schematic showing a focussed laser pulse incident on the DRMS sample.
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top layer is another 400-nm-thick PMMA layer which is not exposed to the laser. It acts as a
“cap” on the DRMS to control the expansion and prevent film rupture that would contaminate
a transfer material. In this paper, we form blisters in a DRMS and characterize the resulting
blister heights and diameters. We then use a focussed gallium beam to dissect blisters and collect
nanoscale images of their interiors using helium ion microscopy. Using this analysis, we assess
the contributions of each layer to the blister formation process. Lastly, we comment on nonlinear
absorption of the femtosecond pulses in the substrate before they reach the DRMS, and model
the resulting fluences incident on the DRMS after propagation.

2. Experimental

We use the femtosecond-laser-induced blister formation experiment setup as shown in Ref. [15].
A Coherent RegA 9040 Ti:sapphire laser produces pulses with a central wavelength of 800 nm and
durations of 45 fs (FWHM). Pulse durations were characterized using a MesaPhotonics MP002
FROGscan instrument. We pass the beam through a spatial filter and confirm that the beam has
a Gaussian profile and a beam quality factor of M2 = 1.08 ± 0.02 using a DataRay WinCamD
UCD12 beam profiler. We adjust the pulse energy using a variable attenuator consisting of a
rotatable half-wave plate and a linear polarizer. We focus the laser using a 0.95-NA microscope
objective (Leitz Wetzlar 80× 0.95-NA objective, stock no. 48728) mounted on a vertical motor
stage to adjust the focal spot placement. The 10-mm entrance aperture of the objective was
underfilled by a beam diameter of 4 mm, resulting in an estimated focal spot diameter of 2.6
µm. We measured the objective transmission to be 65.1% and estimate the net reflectivity of
the sample to be 4.3% following the Fresnel coefficient analysis shown in Derrien et al. [26].
Pulse energies are given as measured before the microscope objective; losses are factored into all
intensity and fluence values.

For sample fabrication, we use no. 1.5 Fisherbrand borosilicate glass coverslips (thicknesses of
0.16–0.19 mm) as substrates. Substrates are cleaned in acetone, isopropyl alcohol, and deionized
water and dried on a hotplate. PMMA films are spin-coated with Microchem 495 PMMA A6 at
a spin speed of 2000 revolutions/min for 30 s. This resulted in a film thickness of 400±50 nm
for each layer of PMMA, measured using a Bruker Dektak XT contact profilometer. The gold
layer in the DRMS was coated by thermal vapor deposition, and its thickness was determined
to be 110±5 nm by using a JPK Nanowizard II BioAFM atomic force microscope in contact
mode. We use the same method to characterize the surface morphology of laser-induced blisters
after fabrication. We determined the net transmission of the DRMS to be 13% by passing the
collimated laser beam through the sample.

We used a Zeiss ORION Nanofab helium ion microscope for characterizing the interior of
blisters. The sample was mounted normal to the focussed gallium ion source, which was used to
mill away half of each blister before imaging from a 54◦ angle using the helium ion beam. Prior
to this, the sample was coated with 30 nm of aluminum to protect the film from damage from
excessive gallium beam exposure.

3. Results and discussion

First, we fabricated blisters on the PMMA and DRMS samples in a back-illumination geometry
as shown in Fig. 1. The laser pulse energy was adjusted from 40 nJ to 1.5 µJ. Fig. 2 shows the
AFM scan profiles of height and diameter of the blisters for the DRMS sample.

We plot blister height and radius as a function of laser pulse energy in Fig. 3. The height
of blisters should depend on how far the energy deposition penetrates the film and how much
material remains to support the intact expansion of a blister. Under the given experimental
conditions, we achieved blisters with heights of 350 nm at 200 nJ of pulse energy. Further
increase in energy beyond 200 nJ caused blister rupture. Figure 3 indicates an increasing trend of
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Fig. 2. AFM images and cross-sectional profiles of blisters created in the DRMS sample at
different pulse energies. Scalebars are 5 µm in length.

height and diameter with pulse energy, and saturation of these values at energies near 200 nJ,
before rupture occurs.

To understand the role of the gold layer in the DRMS, we then fabricated blisters on a sample
with two 400-nm layers of PMMA only. Fig. 4 shows AFM scans of the laser-induced structures
in the film. We did not observe any modification below 250 nJ of pulse energy. At 250 nJ, which
is the energy threshold for modification (visual and morphological), we immediately saw film
rupture which continued for all higher energies used. This comparison shows how an embedded
metal layer in a polymer film greatly improves control of blister formation. With a thicker film of
PMMA, intact blister formation may also occur, but this would result in larger structure sizes
as discussed earlier, and does not address the issue of transmitted intensity below the nonlinear
absorption threshold.

We examined blisters using the helium ion microscope. Fig. 5(a) shows a cross-sectional
view blister made with a pulse energy of 300 nJ. This image was generated after one cut was
made using the gallium milling beam. However, there was considerable material redeposition,
evidenced by the lack of a sharp boundary between PMMA and the glass substrate. This was
addressed by following with a second gallium beam cut using the same parameters but made over
a smaller area to prevent redeposition. The image after the second gallium beam cut is shown
in Fig. 5(b). The second cut greatly enhanced the contrast between each material but resulted
in milling of small pockets from both PMMA layers. This was verified by performing similar
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Fig. 3. Trends in blister height (above) and blister diameter (below) with pulse energy. Near
the threshold pulse energy of 40 nJ, blister heights are on the scale of the surface roughness.
Beyond 200 nJ of pulse energy, blisters were not left intact and showed rupture.

gallium beam cuts on a pristine region of the sample. These pockets should not be confused with
the initial laser modification.

In Fig. 5(a) and 5(b), we see the gold layer has been disrupted, and resolidified gold has
collected in the top layer of PMMA. The PMMA close to the melted gold has also been modified,
as seen by its contrast. In the center of the structure, there is a small ablated region in the
bottom PMMA layer. The ablated region could be due to increased fluence due to standing-wave
interference caused by reflection from the gold layer. We expect the highest fluence enhancement
from this effect at the first constructive interference antinode ∼ 130 nm (λ/4 in the medium) away
from the gold film. Gold is highly reflective, but ultrafast changes to gold reflectivity should
be considered. In the work by Apalkov and Stockman, the reflectivity of metal nanofilms was
reduced by a factor of ∼ 3 at an electric field strength of 3 V/Å [27]. In our work, the breakdown
intensity of borosilicate glass limits the field strength to ∼ 0.8 V/Å, and the film thickness is
several times the skin depth, so total reflectivity should not be greatly affected. Lastly, a small
crack in the top PMMA layer is visible, where the aluminum coating has entered. We have
observed similar cracks in polyimide blisters with excessive pulse energies [15]. Still higher
pulse energies lead to rupture of the structures.

Figure 5(c) and 5(d) show the same measurements performed for a blister made with 180 nJ of
pulse energy. Similar features are seen, but at this energy we see laser-modified gold layer forms
an intact ball of gold that stays partially connected to the underlying film. Similar observations of
ultrafast laser spallation of ultrathin gold films on glass have been reported for front illumination,
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Fig. 4. AFM images of ablation spots on the PMMA sample at different pulse energies. No
intact blister formation was seen. Scalebars are 5 µm in length.

where pulses of moderate energy allow the melted gold to cool and become trapped due to surface
tension [28]. It should be noted that the characteristic two-temperature heating length of gold
was 120 nm, which is approximately the thickness of our gold film; hence the results for front and
back incidence are analogous. Similar droplet formation has also been observed in laser-based
printing of silicon nanoparticles using femtosecond pulses [29].

We now consider the intensities and fluences leading to the blister formation and PMMA
ablation in this experiment. Intensity is the key quantity for multiphoton ionization, whereas
fluence is the key quantity for ablation and similar processes [14,25,30,31]. The spherical
aberration of our objective causes axial stretching of the focus resulting in reduced intensity in
the focus [32]. Also, as established by Rayner et al. [33], an intense pulse focussed through
glass can be attenuated by ionization of the medium, which limits the peak intensity of the pulse.
In our case, intensities above 13 TW/cm2 will break down borosilicate glass and be lost to the
medium before reaching the film [34]. The peak intensity is strictly limited, but the peak fluence
of a Gaussian pulse (determined by integrating over the temporal extent of the pulse) may still
increase.

Figure 6 shows modelled values for peak fluences at the DRMS under experimental conditions,
accounting for nonlinear absorption in the borosilicate glass substrate before reaching the DRMS.
We estimate that, with an aberration-based axial stretch of the focus by a factor of 2.0 to 3.1
(which decreases the laser intensity and fluence), the resulting fluence thresholds for blister
formation range from 0.30–0.47 J/cm2 at an input pulse energy of 40 nJ. This estimate was



Research Article Vol. 30, No. 22 / 24 Oct 2022 / Optics Express 39928

Fig. 5. Helium ion microscope images of blisters in the DRMS sample that have been
sectioned by a gallium beam. Scalebars are 1 µm in length. A blister made using 300 nJ of
pulse energy is shown (a) after one cut from the gallium beam and (b) after a second cut to
remove redeposited material which obscures material boundaries in the image. The process
was repeated in (c) and (d) for a blister made using 180 nJ of pulse energy. The central
gold layer, unmodified and modified PMMA, borosilicate glass substrate and aluminum
protective layer are all resolvable by contrast.

made by scaling the peak intensity and fluence by a constant factor to match known threshold
values for femtosecond laser ablation of ultrathin gold films. For a film of approximately 100 nm
thickness, the fluence threshold for ablation is approximately 0.3–0.5 J/cm2 [25]. Absorption in
the glass did not occur at the DRMS blister formation threshold (40 nJ of pulse energy), since the
peak intensity was too low to ionize borosilicate glass (<10 TW/cm2 at maximum). However,
nonlinear absorption in the glass substrate began to occur at 55–80 nJ of pulse energy according
to our model.

In the case of the PMMA-only film, the onset of damage occurred at approximately 1.0–1.1
J/cm2, which is approximately one-third of the fluence that would be reached in absence of the
nonlinearly-absorbing glass substrate. Even without the aberration (axial stretch factor of 1),
the peak fluence would only reach 1.3 J/cm2. Given a refractive index of 1.49 at 800 nm [35],
the normal incidence reflectance of the PMMA-air interface is 0.039, which would lead to a
standing-wave intensity and fluence increase of 43% [36]. Even then, our fluences are lower than
the literature values for ablation of bulk PMMA with similar laser parameters, 2.3–2.9 J/cm2

[31,37]. The high NA and spherical aberration may result in light rays that are no longer normal
to the PMMA-air interface everywhere in the focus. Deviation from normal incidence would
increase the reflectivity and hence may further enhance the local intensity and fluence due to a
standing wave.

Our results indicate that the driving mechanism of blister expansion is laser spallation of
the gold film. However, the top polymer layer confined the molten gold, which would allow
contaminant-free LIFT using this scheme. Additionally, the thickness of the polymer layer
provides a way to selectively dampen the expansion process independent of the metal layer. The
bottom layer of polymer played a small role in the experiment, but nonlinear absorption in this
layer could be driven more easily with selection of a substrate such as fused silica, which has a
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Fig. 6. Modelled peak fluence of laser pulses after passing through the borosilicate glass
substrate. ASF = axial stretch factor. Pulse energy is given before transmission losses and
nonlinear absorption by the glass. The dashed lines indicate the peak fluence in vacuum
conditions. The white breakpoints on each line indicate when the intensity reaches the
breakdown threshold for borosilicate glass.

much higher bandgap (∼ 9 eV) [22]. This would allow for higher intensities in the substrate and
less loss from nonlinear absorption in glass for a given pulse energy, increasing the maximum
fluence at the DRMS. Alternatively, the fluence at the DRMS could be increased by lengthening
the femtosecond pulse, reducing the intensity (and hence substrate losses) for a given pulse
energy, or by reducing the bandgap of the polymer by material selection.

4. Conclusion

We have developed a multilayer configuration for blister formation that offers comparable spatial
resolution to our previous work [15] with the added advantages of reduced intensity at the donor
material and more parameters for optimization of the blister formation process. We studied
the high-intensity interaction with the multilayer film and substrate and determined that the
interaction with the gold layer drives blister formation through free-electron absorption leading to
ablation. Nonlinear absorption in the polymer also occurs, but was suppressed due to nonlinear
absorption in the glass substrate before reaching the DRMS. As a result, the magnitude of this
effect was much smaller than blister expansion due to gold ablation. Future steps such as choosing
optimal substrate and pulse materials, as well as pulse broadening, could enhance the role of the
bottom PMMA later in the process. However, a two-layer polymer-on-metal approach could also
be adopted. When the metal film gives rise to laser-induced blister formation, the ultimate spatial
resolution limit should depend on the heat diffusion length in the metal layer. This could be
improved by choosing a metal with lower thermal conductivity such as chromium, nickel, steel or
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titanium. The top layer of PMMA stayed intact during blister formation in the DRMS, which
would act as a barrier to thermal damage and contamination in a LIFT process.

The multilayer approach to blister formation provides access to nonlinear processes in thin
films of metal and polymer without risking damage or contamination to a transfer material
in LIFT. It combines the advantages of polymers and metals as dynamic release layers while
also mitigating the drawbacks of using each material separately. It can be used for improving
resolution of blister-based LIFT, but it could also be used in existing microscale applications for
enhanced control and flexibility. While our work has focussed on using nonlinear processes on
scales near the diffraction limit, the DRMS approach may also be interesting to apply with use
with linear absorption of nanosecond pulses for greater tunability of the LIFT process.
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