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Fused silica is a key material for high-precision applications such as micro-optics and microfluidics. One 
route to improving direct laser writing (DLW) of fused silica is the use of shorter laser wavelengths, which 
enable tighter focusing and enhanced absorption. In this study, the influence of process parameters on 
surface quality and material removal during DLW using a deep ultraviolet (DUV) ultrafast laser (257 nm, 

1 ps) was investigated. A full-factorial design of the experiment was used to identify conditions that opti-

mise both surface quality and ablation efficiency. Surface roughness as low as Sa ≈ 200 nm and material 

removal rates up to 0.048 mm³∙min-1 were achieved. Conditions that led to surface degradation were also 
identified. Finally, the optimised parameters were applied to fabricate a microfluidic demonstrator. 
These results confirm that DUV ultrafast DLW is a powerful technique for fabricating high-fidelity fea-
tures in fused silica with exceptional precision and quality that can be used for micro-optics or microf-
luidics devices. 
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 Introduction 

Fused silica is a widely used material in microflui-
dics and optics due to its high thermal stability, che-
mical inertness, toughness and excellent optical trans-
parency [1, 2]. However, its toughness and brittleness 
pose significant challenges for mechanical methods of 
(micro) processing; the machining usually causes 
fracturing of the material, and the tools are a limiting 
factor for the minimal size of the features [3]. 

Traditionally, intricate shapes in the brittle mate-
rials are made by various etching techniques [4, 5]. Alt-
hough significant work has been done, several steps 
are usually needed, including masking and etching in 
various hazardous chemicals. Etching can also be used 
in conjunction with lasers in some processes, like 
FLICE, where a slight modification in the structure 
greatly enhances the material etching rate [6]. Another 
example of a method for laser-based manufacturing of 
glass is laser-induced plasma etching (LIPE), based on 
the creation of reactive ions in gases near the desired 
location [7]. 

The direct laser writing (DLW) technique is a pro-
ven technology enabling precision structuring, hole 
drilling and creation of precision surfaces in a wide 
range of materials [8–10]. For ultrafast lasers, the first 
harmonic wavelength, just above 1 µm, is most 
commonly used. To enhance absorption in trans-
parent dielectrics and reduce the focal spot, second 

(515 nm – 532 nm) or third (around 350 nm) harmo-
nic wavelengths are currently used [11–13]. 

Due to advances in laser output power and harmo-
nics generation efficiency, stable fourth and even fifth-
harmonic wavelength lasers (both thin-disk and fibre) 
are available, and their parameters highly exceed 
microprocessing needs [14–16]. Although DUV wa-
velength offers benefits of very low residual heat 
affected zone, higher absorption, tighter focal spots, 
and lower threshold fluences, they are used sparsely 
due to available optics limitations, more demanding 
beam handling, and safety concerns [17, 18]. 

Despite the benefits, only limited use of ultrafast 
DUV lasers for the fabrication of transparent mate-
rials has been reported. Häfner reported highly effi-
cient absorption of a 257 nm laser during the cutting 
of polymer foils, which required only half the power 
of a 515 nm wavelength [19]. Cho minimised damage 
and post-processing in the cutting of thin glass by ex-
ploiting the DUV ultrafast laser [20]. Stonyte demon-
strated ablation with a 206 nm femtosecond laser in a 
single-spot machining configuration [21]. 

Although ultrafast DUV lasers offer advantages 
for processing transparent materials, their application 
to fused silica has mainly been limited to static or sin-
gle-spot studies. In this work, we investigate the influ-
ence of laser fluence, scan speed, and hatching 
distance on surface roughness and material removal 
using a galvo scanner with an F-theta telecentric lens  
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and a fourth-harmonic ultrafast laser (257 nm, up to 4 
W, 60 kHz). We demonstrated that galvo-based DUV 
processing enables the fabrication of complex microf-
luidic structures in fused silica with good quality and 
reasonable throughput. 

 Experimental 

Rectangular polished fused silica (15 mm × 28 mm, 
2 mm thickness) samples were processed using a 
microprocessing station based on the Perla 100 (Hi-
LASE, Dolní Břežany, CZ) thin-disk regenerative am-
plifier laser system. The system operates at a funda-
mental wavelength of 1030 nm. It can output pulses < 
2 ps with a maximal energy of 1 mJ at a pulse repe-
tition frequency of 60 kHz (maximal average power of 
60 W) with a Gaussian spatial mode (M2 < 1.3) and 
linear polarisation. The fundamental wavelength can 
be converted to the second (SHG) harmonic (515 nm) 
with a maximal energy of about 0.4 mJ, and fourth 
(FHG) harmonic wavelength (257 nm). Maximal 
energy at 257 nm is measured at 0.068 mJ (4.1 W), and 
the beam quality parameter M2 is typically lower than 
2.2 at the end of beam delivery.  

 

Fig. 1 Processing station, violet line indicates beam delivery 
path for 257nm, green indicates path for 1030 nm and 515 

nm 
 
For this experiment, the beam was routed, as 

shown in Fig. 1, through an intelliSCAN 14 (Scanlab, 
Puchheim, DE) scan head to a 100 mm focal length 
telecentric F-theta lens (Meopta, Přerov, CZ). This 
setup yielded a focal spot of a diameter of about 7 µm 

over the scanning field of 15 mm × 15 mm. The 
samples were positioned on an industrial XY table, 
and the focus was controlled by a precise Z-stage 
(MKS Instruments, Andover, MA). The entire process 
was controlled through DMC laser processing soft-
ware (Direct Machining Control, Vilnius, LT). 

 Samples processing 

First, the samples of fused silica for the evaluation 
of laser fluence and ablation efficiency were machined. 
For all the following tests, a cross-hatching (0°/90°) 
laser scanning strategy was chosen to reduce the 
effects of galvo scanner irregularities [22].  To calcu-
late the pulse energy and laser fluence (according to 
Eq. 1), the average laser power was measured using 
thermal power meter S425C (Thorlabs, Newton, NJ) 
before processing each area. Two sets of regions of 
dimension 0.4 mm × 0.4 mm, one on the polished sur-
face and one on the pre-machined areas, were made. 

𝐹 =
2∙𝐸𝑝

𝜋∙𝑑2 [𝐽 ⋅ 𝑐𝑚−2], (1) 

Where: 
Ep…Pulse energy [J], 
d…Beam diameter [cm]. 
Scanning parameters for this experiment were se-

lectected in the middle of possible values, that result 
in overlapping pulses – scan speed of 200 mm∙s‑1 and 
hatching line distance of 3.606 µm, which both resul-
ted in roughly 50 % overlap, pulse overlap (PO, see 
Eq. 2) in the direction of scan speed and line overlap 
(LO, see Eq. 3) in the direction of hatching distance 
were calculated according to [23]. The ablation was re-
peated 20 times on each area to enhance the accuracy 
of the measurement. The laser fluence F = 8.5 J∙cm‑2 

for pre-machining areas was chosen to be at least 2-3 
times the possible Fth [17], considering a probable 
increase due to longer pulses to ensure homogeneous 
ablation. Table 1 summarises power settings for each 
area. 

𝑃𝑂 = (1 −
𝑣𝑠

𝑑∗𝑓𝑟𝑒𝑝
 ) ∙ 100 % [−], (2) 

Where: 
vs…Scan speed [mm.s-1], 
d…Beam diameter [mm], 
frep…Laser pulse repetition frequency [Hz]. 

𝐿𝑂 = (1 −
𝐻𝐷

𝑑
 ) ∙ 100 %, (3) 

Where: 
HD…Hatching line distance [mm], 
d…Beam diameter [mm].

Tab. 1 Laser parameters for Fth testing. Att – Attenuator rotation angle, Pav – average power, Ep – pulse energy, F – peak fluence 

Att [°] 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5 19.5 20.5 21.5 22.5 23.5 24.5 25.5 

Pav [mW] 30 36 42 49 55 62 69 77 84 92 99 107 115 122 130 

Ep [µJ] 0.50 0.60 0.70 0.81 0.92 1.04 1.16 1.28 1.40 1.53 1.66 1.79 1.91 2.04 2.17 

F [J∙cm-2] 2.61 3.12 3.65 4.21 4.79 5.39 6.01 6.65 7.30 7.96 8.62 9.28 9.95 10.61 11.26 
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Keyence VK-X 1000 (Keyence, Osaka, JP) laser 
scanning confocal microscope was used to evaluate 
the depth of machined areas. The depth was measured 
as the average depth from an area of 0.3 mm × 0.3 
mm square centred in the analysed cavity. 

The full factorial design of the experiment was 
used to evaluate the influences of laser fluence, scan 
speed, and hatching distance. Due to the galvo scan-
ner's limited resolution, only specific values of hat-
ching distance were suitable for processing. Other  

values result in distinct moire-like (grid of hatching 
and “grid” of a scanner's possible positions) pattern 
formation as a result of offsetting of the scanned line. 
The range of scan speeds was selected to have a similar 
overlap (PO) as hatching (LO). Laser fluence was li-
mited by low LIDT values of available optics for beam 
routing; nevertheless, the range covers a region of 
F/Fth < 4, where optimal efficiency and little to no 
cracking can be expected [24].

Tab. 2 Factor values for evaluation of process parameter influence (HD – hatching distance, vs – scan speed) 

Factor Values 

HD [µm] 1.050 1.585 2.140 2.575 3.050 3.606 4.080 4.675 5.105 

LO [%] 85 77 69 63 56 48 42 33 27 

vs [mm.s-1] 60 120 180 240 300 

PO  [%] 86 71 57 43 29 

F [J.cm-2] 3.8 5.7 7.6 9.5 11.4 

Pav [mW] 44 66 88 110 132 

F/Fth [-] 1.23 1.84 2.45 3.06 3.68 

 
The test areas of 0.6 mm × 0.6 mm were prema-

chined to a depth of (1.36 ± 0.10) µm with the same 
parameters as in the threshold fluence experiment, 
and the surface was cleaned of debris with filtered 
compressed air prior to parameter variation. The nu-
mber of repetitions of scans on each area was chosen 
to yield ~ 106 pulses. As a result of specifying parame-
ters that were known to result in a surface without 
pronounced texture, the actual number of pulses per 
area varied between 8.39∙105 and 1.36∙106 with an 
average of 1.03∙106 pulses per area. 

Areas were grouped by the applied laser power, 
which was measured before each setting. After machi-
ning, the sample was cleaned in an ultrasonic cleaner 
to remove dust. The measurement was carried out 
using the VK-X 1000 microscope. The depth of the 
cavities was measured as the average depth of the cen-
tral 0.5 mm × 0.5 mm area with respect to the original 
surface. The depth of premachining was subtracted, 
and values were normalised to an equivalent dose of 

1∙106 pulses. 
The surface roughness Sa was measured with an L-

filter (high pass) of 0.05 mm to retain only a portion 
of the overall waviness according to EN ISO 25178 
[25]. Since the ISO standard recommended a value of 
S-filter (low pass) of 0.8 µm, which was lower than the 
applicable settings, no value was used. No F-operation 
(surface-shape correction) was applied. 

 Results and discussion 

First, the laser threshold fluence of polished and 
pre-roughened fused silica and corresponding ablation 
efficiency were evaluated based on the measured dep-
ths of cavities shown in Fig. 2. No visible colour chan-
ges of the material, which could indicate sub-ablation 
threshold damage, were observed. The areas with no 
solid ablation (pre-roughened 11.5 & 12.5  and po-
lished up to 14.5) were omitted from further analysis. 

 

Fig. 2 Sample areas for the Fth evaluation, top row with pre-roughened surface, bottom for polished [partial image] 
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Fig. 3 shows the depths of the cavities per 20 linear 
hatching passes in the semi-log coordinates. Based on 
the linear fit, the Fth of the polished surface was deter-
mined at the value of 4.95 J∙cm-2, whereas with 
premaching, the threshold fluence lowered to 3.11 
J∙cm-2 for 50 % pulse overlap. This lowering is vital for 
high-precision ablation, where pre-machining ensures 
repeatable layer-to-layer material removal. 

  

Fig. 3 Ablation depth (semi-log fit dashed) and ablation effi-
ciency 

 
A Peak in the ablation efficiency, which has been 

reported at an F/Fth value of approximately 3 [26], was 
not observed for the polished surface due to the selec-
ted range of fluence. For the pre-roughened surface, 

the highest efficiency was calculated at 9.5 J∙cm-2, 
which corresponded to the aforementioned accepted 
value for near-single pulse ablation. All used parame-
ters led to only a low-fluence gentle ablation regime, 
as the data showed no sudden increase in the depth of 
the cavity.  

 Surface texture 

Although most of the test areas showed no crac-
king, edge chipping or discolouration, some defects 
were observed; examples of these are shown in Fig. 4. 
The first type (Fig. 4a) was the most common. It con-
sisted of distinct periodic lines protruding about 1.5 
µm above the main surface. The period and angle de-
pended on the exact hatching distance settings, as they 
were caused by an “interference” as discussed in the 
Experimental section. These had only a minor impact 
on the roughness value, as they were sparse and of low 
height.  

In some cases (HD of 4.08 µm and 4.675 µm), this 
effect was further enhanced, resulting in up to 10 µm 
deep surface structures (Fig. 4b) with a period in the 
range of hundreds of µm. These were caused by a 
speed discontinuity, adding to the directional discon-
tinuity.

 

Fig. 4 Main types of surface defects: a) periodic lines, b) pronounced deep long-period structures, c) remelted debris 
 
The second main observed type of defects is 

shown in Fig. 4c. These random protrusions/bumps 
were detected exclusively at the highest fluence and 
lowest scanning speed, which suggests they were 
caused by high parasitic heating. They were attributed 
to the redeposition and remelting of ablated particles. 

The values of an average surface roughness, Sa, 
were obtained and are shown in Figure 5 for each flu-
ence. The lowest value is highlighted by a red contour. 
In general, the average surface roughness increased 
with increasing laser fluence. A Sa as low as 200 nm 
was measured at the lowest fluence, while values up to 
290 nm (best parameters) were measured for the 
highest fluence. In all experiments, the lowest values 
were associated with an optimal hatching distance of 
2.575 µm (line overlap of about 63 %) and speeds that 
resulted in pulse overlap of 50 % or lower. Elevated 
values for the HD of 4.08 µm and 4.675 µm were 
caused by the evolved structure produced by the galvo 
scanner motion.   

The distribution of values in the last subplot shows 

a clear trend in the increase of roughness with fluence. 

The shift of the best parameters towards higher scan 

speed can be explained by a) higher adequate overlap 

of pulses as a result of greater diameter of the material 

ablated and b) higher speed and number of repetitions 

maintain (more) uniform heat distribution and lower 

local temperature across the area to suppress remel-

ting and possible chipping. 

Fig. 6 summarises the results of surface roughness 

as a function of hatching distance for respective flu-

ences. High error bars for the highest laser fluence 

were caused mainly by the very rough surface produ-

ced by the 60 mm∙s-1 speed due to remelting of ablated 

particles. Exact scan speed appeared to have a some-

what secondary effect on the surface texture, which 

could be exploited for tuning of the ablation depth af-

ter choosing a proper hatching distance. 
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Fig. 5 Average surface roughness for the tested areas (values greater than 1 µm are combined in the distribution graph) 

 

Fig. 6 Effect of hatching distance on the average of surface roughnesses (dots indicate the minimal value for respective parameters) 
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 Material removal 

The depth of the removed material was normalised 
to compensate for slightly different amounts of pulses 
among areas. Fig. 7 shows the depths for fluence of 
5.7 J∙cm‑2. Contrary to roughness results, the most fa-
vourable parameters did not change in response to a 
fluence change. The parameters for optimal roughness 
did not coincide with the parameters yielding the 
highest depth. 

 

Fig. 7 Ablation depths for fluence of 5.7 J∙cm‑2 (the square 
indicates an area with the lowest roughness) 

 
Generally, the depth increased with increasing flu-

ence, as illustrated in Fig. 8. The optimal speed was 
always found at 60 mm∙s‑1, and it decreased with incre-

asing scan speed (decreasing overlap). This observa-
tion was caused by the accumulation effect due to a 
higher overlap, which resulted in a lower threshold flu-
ence.  

The most favourable hatching distance was found 
at 2.575 µm; however, other values of HD often resul-
ted in very similar depths without a clear trend. Fig. 9 
shows the depths of ablated cavities yielding both the 
lowest surface roughness and highest cavity depth 
(and respective roughness) for individual laser fluen-
ces. Based on the graph, a slight decrease in the abla-
tion depth could be exchanged for a rather substantial 
reduction in the surface roughness. To put these va-
lues into perspective, setting the lowest fluence and 
the roughness-optimal speed and hatching distance, it 
was possible to achieve layers as thin as 160 nm per 
pass. The layer thickness was scalable to about 450 nm 
using the laser fluence and maintaining a good rou-
ghness.  

A removal rate of about 0.04 mm3∙min-1 (0.3 
mm3∙min-1∙W-1) was achieved, which was below the re-
ported value of about 0.45 mm3∙min-1∙W-1 achieved 
using an IR laser without burst mode [24]. This was 
probably caused by lower optical penetration depth 
and lower thermal effects due to lower average power, 
limiting chipping of larger particles from the surface. 

 

Fig. 8 Effect of speed and hatching distance on the ablation depth for different fluences (averages over the hatching distance and scan 
speed, respectively; points mark the highest value in the subset) 

 

Fig. 9 Relation of the depth and roughness for areas with the 
lowest roughness and the highest depth for individual fluence 

settings 

 Part demonstrator 

To demonstrate the applicability of the method, a 
sample consisting of narrow channels and slender 
pillars was machined. Fig. 10 shows the central section 
of this part. The design with outer dimensions of ca. 
10 mm × 12 mm was machined to a depth of 50 µm 
using a fluence of 9.5 J∙cm-2, a scan speed of 240 
mm∙s-1 and a hatching distance of 2.575 µm in a time 
of 60 minutes. Owing to low residual heat input and 
minimal defects introduced into the material, relatively 
high and thin pillars with a top diameter of 8 µm and 
a bottom diameter of 35 µm were successfully produ-
ced. Fig. 11 shows details of the area marked by a 
rectangle in Fig. 10 as well as the profile indicated by 
a line. 
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Fig. 10 Part of the manufactured demonstrator 
 
It should be noted that this study was strongly con-

strained by the limited precision of the galvo scanner, 

which restricted the range of parameters available. 
Therefore, future studies should refine the process 
once the main issue is resolved. The second limitation 
was the relatively low number of fluence values and 
speeds tested, chosen to keep the measuring time (≈2 
minutes per area) reasonable. Alternatives to a full 
factorial design, such as a fractional factorial design of 
the experiment or the Taguchi method, should be 
considered to speed up the refinement of the results 
[27, 28]. 

Although the surface quality achieved with the 
DUV DLW process was excellent, its productivity 
remains limited by the constraints of the first and se-
cond harmonic wavelengths. Nevertheless, 
Wlodarczyk reported that interlaced scanning of the 
hatching pattern improved material removal [29]. This 
technique could potentially double productivity, assu-
ming all other parameters remain constant. 

 

Fig. 11 Detail of the narrow channels (a) and slender pillars on the demonstrator (b) 

 Conclusion 

The applicability of an ultrafast DUV laser for 
fused silica microprocessing was demonstrated. The 
process benefited from a tighter spot and better ab-
sorption, which resulted in reduced parasitic heat 
input into the material. This enabled machining both 
thin pillars and channels in the fused silica, which can 
be used for microfluidic devices.  

A full factorial parameter study showed that sur-
faces with an average surface roughness of 200 nm 
could be produced with minimal defects in the sub-
strate. Hatching distance was found to play an essen-
tial role in the resulting surface roughness. In this 
study, a line overlap of 63% provided the best rou-
ghness. To maintain good surface quality as the laser 
fluence was increased, a corresponding increase in the 
scan speed was required, from pulse overlap of nearly 
60 % down to about 25 %. 

Scan speed was also found to be a key parameter 
for the ablation depth. The deepest cavities were made 
using the lowest value, and the cavity depth decreased 
with an increase in the scan speed. This occurred  

due to the accumulation effect, since speed had an im-
mediate impact on pulse overlap. A line overlap of 
63 % was again beneficial for the material removal, 
but contrary to surface roughness, no clear trends 
were observed. The normalised depth of cavity, when 
the parameters most favourable for the surface rou-
ghness were used, ranged from 6.8 µm to 29 µm, de-
pending mainly on applied fluence.  

A maximum material removal rate of up to 0.04 
mm3∙min-1 was achieved, which was lower than values 
typically reported for the first or second harmonic wa-
velength [24, 29]. This was mainly caused by a smaller 
focal spot size, reduced optical penetration depth and 
decreased chipping due to minimal residual heat input. 
Nevertheless, a lower material removal enabled repro-
ducible ablation of thinner layers, which could be be-
neficial for a finer 2.5D slicing of various shapes. 

Two distinct ablation threshold fluences were 
identified for polished and pre-roughened surfaces. 
The threshold fluence (Fth) of the pre-roughened sur-
face was found to be about 35% below the Fth of the 
polished surface. This is important especially for  
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the processing of shallow features and machining, 
where the features have to be at precise depth with 
respect to the original surface. Optimal ablation effi-
ciency for the pre-roughened surface was observed at 
about three times the threshold fluence. 

A finer study of especially fluence and scan speed 
requires further investigation once scanner impreci-
sion is resolved. Other strategies, such as hatching in-
terlacing and angle variation, should be added to the 
scope of further studies. 
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