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Laser Micromachining of Permalloy for Fine Metal Mask
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We show that crack-free drilled structures with 25 µm hole size can be fabricated in the 12 µm-thick Permalloy foil by a nanosecond

ultraviolet laser with low pulse energy and high repetition rate. The number of pulses required for drilling decreased with increasing

pulse energy. The obtained hole exhibited a smaller size than the laser spot, implying that only the central part of a focused Gaussian

beam contributed to the drilling. Debris and burr incurring as a result of the laser micromachining could be quickly removed by

etching in an HCl/HNO3 solution. This made it possible to obtain a clear structure without any debris remaining on the foil. This laser-

direct process may be effectively utilized for fabricating fine metal masks necessary for the production of organic light emitting diode

displays and other electronic devices.
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1. Introduction

As the performance level of electronic devices such as TV and

smart phones is continuously increasing by the demand of consumers,

device components should also be developed to be compatible with the

high-performance electronic products. Organic light emitting diode

(OLED) display works without a backlight. In low ambient light

conditions (such as a dark room), an OLED screen can achieve a higher

contrast ratio than an liquid-crystal display (LCD), regardless of

whether the LCD uses cold cathode fluorescent lamps or an LED

backlight. It also has merits of fast response time and small pixel size

and is compatible with transparent/flexible displays. In addition, OLED

TV screens have near-perfect viewing angle. Owing to these

advantages, OLED has drawn much attention for the next-generation

displays.1-3 Although most display companies produce OLED screens,

the OLED’s market share in the overall display industry is still limited.

This is attributed to the fact that the production costs are currently too

high to economically develop larger screen sizes. Meanwhile, the

selective deposition of red/green/blue emissive layers is an essential

process in the manufacturing of OLED display. This process is carried

out using a fine metal mask (FMM) with many tiny openings. The

FMM is typically fabricated either by lithography combined with

chemical etching or electroforming. Since the fabrication requires high-

cost facility and/or complicated processes, each sheet of FMM is also

very expensive. Although the currently used FMMs have a pixel size

of 40 µm (240 ppi), a pixel size less than 20 µm (> 300 ppi) would

ultimately be required for the future high-resolution, large-area devices.

FMMs have generally been made from stainless steel. For large-size

devices, however, the stainless steel should be replaced by Invar (64%

Fe-36% Ni alloy), which exhibits very low thermal expansion. 

Lasers have proven to be a valuable tool in many forms of materials

processing ranging from patterning,4 welding,5 sintering,6,7 melting,8

printing,9,10 and etc. Laser machining is an unconventional machining

process in which a laser is directed towards the work piece for

machining.11 Since a laser beam has monochromatic and parallel rays,

it can be focused to a very small diameter, producing an extremely high

energy density at the focal point. Thus, a laser beam is suited to making

accurately placed holes and can also be used to perform precision

micromachining on almost all materials such as metal, ceramic, and

semiconductor. An early study by Roos12 showed that a 200 µs train

consisting of 0.5 µs pulses produced superior results for drilling metals

than a 200 µs flat-shaped pulse. In this respect, the pulsed laser with

high repetition rate can provide an efficient, alternative tool for non-

contact and wear-less machining. Commercial nanosecond lasers have
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been extensively used to machine many materials.13-16 In recent years,

the micromachining by means of ultrashort picosecond and

femtosecond lasers has drawn increasing attention,17-20 especially for

drilling deep holes and cutting substrate materials. These ultrashort

laser pulses offer advantageous features such as a nearly direct solid-

to-vapor transition and a negligible thermal effect on the surroundings

of the ablation spot.18 Consequently they have the possibility to

generate high-quality structures with limited melt and burr formation.

One drawback is that when vaporization is involved, a vacuum

chamber is necessary to remove the produced vapor. Nanosecond lasers

are still an economical source for the processing of metallic materials

in the form of foil or plate, although an additional chemical etching

step required to remove the deposited melt and burr may increase the

overall process cost. Here, we studied laser-direct drilling of Permalloy,

which is of the same type of Fe-Ni alloy as Invar but is more easily

available. It also maintains fairly low thermal expansion. This research

has an objective of making FMMs by directly drilling holes in

Permalloy foils with a laser. Different types of nanosecond lasers have

been employed to drill holes in the Permalloy foil. Compared to the

conventional methods, it can reduce the fabrication cost of FMMs. Not

only being effectively utilized for OLEDs, this laser-direct approach

can provide a facile route to fabricate fine mask structures that would

be potentially required for the next-generation devices.

2. Experimental Procedures

The investigated Permalloy foils (22% Fe-78% Ni, 12 µm

thickness) were supplied from E-song EMC, Inc. These foils were

produced by a continuous electroforming method. Two different types

of nanosecond lasers were employed for laser micromachining; one is

a high-pulse energy/low-repetition rate laser at 1064 nm and the other,

a low-pulse energy/high-repetition rate laser at 355 nm. A pulsed

Nd:YAG laser at 1064 nm (Model: Brilliant B, Quantel, pulse

width = 5 ns, repetition rate = 10 Hz, maximum pulse energy = 850 mJ,

output beam diameter = 9 mm) was used for fine hole processing. The

output beam was focused using a plano-convex lens with focal length

(f ) of 100 mm. The spot size (d) of the focused beam was estimated

from the formula of d = 2.44 fλ/D, where λ is the laser wavelength and

D, the size of the output beam (9 mm). The calculated spot size at focus

was about d = 29 µm. The Permalloy foil was attached to a stage that

moves in the x, y, and z directions. A slide glass was inserted between

the sample and the lens to prevent potential lens damage by the

desorbed material.

An ultraviolet (UV) laser at 355 nm was also employed (Model:

Avia 355-5, Coherent Inc., power = 5 W at 50 kHz, pulse width

< 20 ns, repetition rate = 1 Hz - 150 kHz, output beam size = 2.54 mm).

This diode-pumped, solid-state laser combines high repetition rate and

short pulse width, enabling high-throughput processing with a minimal

heat-affected zone. Laser-induced materials processing is often carried

out with the sample stationed on a manual or automatic translation

stage. However, it is more convenient and faster to control the beam

position optically rather than mechanically. An optical scanner enables

the position of a focused beam to be fast moved on the sample surface.

The output laser beam was incident into a galvanometric scanner that

steers it in the x and y directions. An F-theta lens (f = 200 mm) was

installed with the scanner to maintain a constant laser spot size on the

sample surface over an area of 100 × 100 mm2. This galvanometric

scanning system, externally connected to the laser, enabled the number

of pulses injected into the sample to be controlled even though the laser

was operated at a high repetition rate of several kHz. An HCl/HNO3

solution was used to remove any debris and burr incurring as a result

of the laser machining. The processed samples were characterized

using X-ray diffraction (Rigaku diffractometer), optical microscopy

(Olympus BX51), and scanning electron microscopy (JSM-7001F,

JEOL Inc. 15 kV). All micromachining experiments were conducted in

ambient atmosphere.

3. Results and Discussion

At first, we investigated laser drilling by a pulsed Nd:YAG laser. An

output laser beam was focused onto the sample surface and the beam

size at focus was estimated to be about 30 µm. Since this is a low-

repetition rate laser (10 Hz), a single pulse was used for the drilling.

Fig. 1(a) shows the scanning electron microscopy (SEM) image of a

sample irradiated by a pulse with energy of 200 mJ. The sample was

torned and cracked at this pulse energy. The cracking is attributed to

Fig. 1 (a) SEM image of a Permalloy sample irradiated by a single

Nd:YAG laser pulse with 200 mJ. (b) EDS analysis of the area marked

in “(a)”. (c) and (d) optical micrographs of another sample irradiated

with 300 mJ. (e) XRD patterns
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laser-induced thermal shock. Thermal shock occurs when a thermal

gradient causes different parts of an object to expand by different

amounts. This differential expansion can be understood in terms of

stress or of strain, equivalently. At some point, this stress can exceed

the strength of the material, causing a crack to form. Taking the

estimated beam size of 30 µm into account, the energy density at focus

(i.e., on the sample surface) was calculated to be ~300 J/mm2. It

seemed that a high-energy beam focused on the surface caused abrupt

heating and thermal expansion. Brittle materials such as glass are

particularly sensitive to the thermal cracking. Qualitative compositional

analysis was carried out by energy dispersive X-ray spectroscopy

(EDS). While only Fe and Ni components were detected well outside

the irradiated area, O component was observed in the vicinity of the

cracked region, as shown in Fig. 1(b). This implies that any oxide

phase formed at high temperature might have fostered the generation

and propagation of cracks. Fig. 1(c) shows the reflection-mode optical

micrograph of a sample irradiated with a single pulse of 300 mJ.

Although the foil was instantaneously perforated due to the increased

pulse energy, the shape and size of the generated hole were irregular

and nonuniform. While the front surface was excavated in a nearly

circular fashion, the rear surface appeared to be irregularly punctuated

with some surface cracks. This is manifest from Fig. 1(d) that shows

the transmission-mode optical micrograph of another sample processed

at the same condition. X-ray diffraction (XRD) patterns before and

after irradiation are given in Fig. 1(e). The as-received Permalloy foil

was highly textured with (111) and (200) orientations. After irradiation,

the diffraction peaks, especially (111), became stronger and sharper.

This indicates that the crystalline quality of the foil improved by laser

irradiation. The laser-induced improvement of crystallinity is a

common phenomenon that has been observed in many different

materials. Together with the improved crystalline quality, a small FeO

peak21 was also observed in the irradiated sample. It seems evident that

the Permalloy sample is partially oxidized as a result of the laser

irradiation. Changing the energy of each pulse or the number of pulses

did not produce circular holes either. This leads to a conclusion that a

pulsed laser with low repetition rate and high pulse energy is not

suitable for drilling metal foils and that a laser of low pulse energy and

high repetition rate would be required.

Micromachining was then conducted using a nanosecond UV laser

with variable repetition rate. Throughout the work, the repetition rate of

the laser was set to 25 kHz. Experiments have first been carried out as

to how many pulses are required to drill a hole. Fig. 2 shows

transmission optical microscopic images taken after the sample was

exposed to different numbers of pulses. At fixed pulse energy, a

specific number of pulses were required to puncture a hole in the

sample. As the number of pulses increased, the perforated hole became

larger. However, the size of the hole did not increase in proportion to

the number of pulses. Above a particular number, it remained nearly

unchanged. This means that increasing the number of pulses above a

certain threshold value should be avoided, because it simply enlarges

the heat-affected zone.

Fig. 3 shows SEM images of the samples processed at different

pulse energies with the number of pulses fixed at 20. When the pulse

energy was 60 µJ, a circular concave hole was generated on the surface

but the foil was not perforated. As the energy increased to 70 µJ, the

central part of this concave hole began to be punctured. The drilled

hole became larger when the energy was further increased to 90 µJ. At

this condition, the size of the generated hole was about 23 mm, which

is smaller than the estimated laser spot size of ~37 µm. Since the output

beam has a Gaussian profile with 1/e2-size of 2.54 mm, the edge of the

beam will have significantly lower intensity than its center. Thus, the

edge regions might have not contributed to the drilling. Fig. 4 plots the

minimum pulse energy and number of pulses required to drill a hole in

the Permalloy foil. The presented values are those needed to make a

small initial aperture, not for drilling uniform holes. As expected, the

Fig. 2 Transmission optical micrographs taken after exposure to

different numbers of UV laser pulses

Fig. 3 SEM images of the samples processed with 20 pulses at

different pulse energies of (a) 60 µJ, (b) 70 µJ, and (c) 90 µJ
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required number of pulses decreased with increasing pulse energy.

When the pulse energy was fixed, the uniformity of hole size on the

front and rear surfaces improved as the number of pulses increased.

Laser drilling generally occurs through melting and vaporization

(also referred to as “ablation”) of the material that absorbs energy from

a focused laser beam.22-24 The energy required to remove material by

melting is less than that needed to vaporize the same volume.

Therefore, a process that removes material by melting is often favored. 

Whether melting or vaporization is more dominant depends on

many factors, including laser pulse duration and energy. In most laser

machining processes, ablation and melt expulsion coexist. Unless the

drilling occurs by pure vaporization, some debris and burr are

inevitable. As shown in Fig. 5(a), some melt/condensed particles along

with drilling burr were observed around the generated hole. In an

attempt to remove them, the processed foils were dipped in an HCl/

HNO3 solution (HCl/HNO3 = 3/1 in volume). Since the scattered

particles and burr were etched much faster than the matrix, we were

able to obtain clear holes after etching for 30 s (Fig. 5(d)). As the inner

wall of the drilled hole was also etched, the hole size somewhat

increased to ~30 µm following the chemical process. Fig. 6 shows a

fabricated hole pattern, in which each hole was exposed to 20 pulses at

90 µJ, followed by etching for 30 s. By careful adjustment of the

sample height with respect to the focal position, we were able to reduce

the hole size down to about 25 µm. The laser processing time required

to drill 25 holes was 0.125 s.

The results of XRD analysis are given in Fig. 7. The as-drilled

sample exhibited a small FeO peak. A very tiny peak was observed at

the same position even after etching for 30 s. This indicates that the

etched foil still contains an oxide phase. In fact, oxygen signal was

detected by EDS in the vicinity of the hole. According to the EDS

analysis, the oxygen content just near the hole was 10-20 at.%.

However, the signal intensity rapidly decayed with distance from the

hole. No detectable signal was achieved at a distance of 70 µm from

the edge of the hole. While a nitrogen gas stream was blown to the

irradiated region, it did not completely prevent the oxidation. It is not

clear yet whether the oxidation is caused by thermal diffusion from the

heated central area or direct exposure to the laser beam (note that the

laser spot is bigger than the generated hole). To find the origin of

oxidation and possibly avoid it, experiments using a more tightly

focused beam and/or a laser with ultrashort pulses would be necessary.

This remains as an important topic of the future work. The

Fig. 4 Minimum pulse energy and number of pulses

Fig. 5 Morphology change of the drilled hole with HCl/HNO3 etching.

(a) as-drilled, (b) after 10 s etching, (c) after 20 s etching, and (d) after

30 s etching. Before etching, the samples were drilled with 20 pulses

at 90 µJ

Fig. 6 Fabricated hole pattern

Fig. 7 XRD results
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manufacturing of many electronic devices relies on lithography-based

subtractive processes. Direct deposition utilizing a fine metal mask

would significantly reduce the cost and time required for device

fabrication. In the current work, we showed that a clear hole structure

with 25 µm size could be obtained in the 12 µm-thick Permalloy foil.

The fine metal mask for a display has rectangular holes, not circular,

with specific requests to the corner radius. Therefore, this laser process

should be further elaborated to be directly used for the targeted

application. Nevertheless, the current article provides very encouraging

results as a first step. It implies that the laser micromachining combined

with a galvanometric scanner can be a viable tool for making fine metal

masks required for the manufacturing of OLED and other devices.

4. Conclusions

In conclusion, we have investigated laser micromachining of

Permalloy foils using two different types of nanosecond pulsed lasers.

When an Nd:YAG laser with high pulse energy and low repetition rate

was used, the sample was torned and cracked instead of being

uniformly drilled. This is attributed to laser-induced thermal shock. It

seemed that a high-energy beam focused on the surface caused abrupt

heating and thermal expansion. On the contrary, crack-free holes could

be fabricated by using a nanosecond UV laser with low pulse energy

and high repetition rate. The number of pulses required for drilling

decreased with increasing pulse energy. The size of the generated hole

was smaller than the laser spot size, implying that only the central part

of a focused Gaussian beam contributed to the drilling. Debris and burr

incurring as a result of the laser micromachining could be quickly

removed by chemical etching. This made it possible to obtain a clear

drilled structure with 25 µm hole size in the 12 µm-thick Permalloy

foil. The presented laser-direct process may be a viable tool for

fabricating fine metal masks for OLED and other devices.
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