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In this study, we worked on the formation of micro through holes in multi-component glass sub-
strates using laser-assisted etching, in which mixed aqueous solutions of hydrofluoric acid (HF) and 
nitric acid (HNO3) were used for the etching. Glass samples modified by femtosecond laser irradia-
tion were immersed for 10 minutes in aqueous solutions containing 2% HF and between 0 and 32% 
HNO3. The subsequent optical microscope observations and measurements showed that the highest 
etch selectivity, which was 21, was obtained with an etch solution containing 6% HNO3. Further-
more, through holes with diameters approaching 20 μm were successfully formed in a 100 μm thick 
glass substrate without any cracks using the mixed solution.  
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1. Introduction 
Laser-assisted etching is a powerful method for forming 

three-dimensional (3D) microstructures in transparent ma-
terials. In this method, femtosecond laser irradiation of the 
material causes nonlinear absorption and modification of 
the material at the focal point. The modified region can be 
removed selectively by wet chemical etching, so that a 
microstructure is formed in the material [1-2]. Many dif-
ferent micro components, such as channels [1-12], me-
chanical elements [13-15], optical elements [16-19], sen-
sors [20-21], lasers [22] and photonic crystals [23], have 
been formed using this method. One of the promising ap-
plications of these components is microfluidics for chemi-
cal and biological analysis [24-26]. 

We have been working on the formation of micro 
through holes in multi-component glass substrates using 
this method. Such through holes are needed for 3D semi-
conductor device packaging technologies where they are 
used as through glass vias (TGVs). These are generally 
required to be less than 20 μm in diameter in 100 to 200 
μm thick substrates. Other methods to form such holes, 
such as laser ablation [27-29], have been investigated; 
however, this has not become an established technique. 
For this study, we used mixed aqueous solutions of hydro-
fluoric acid (HF) and nitric acid (HNO3) for the wet etch-
ing. It is commonly known that this mixed solution has a 
high etch rate as well as forming smooth surfaces in mul-
ti-component glass compared with using aqueous solu-
tions containing HF only, because HNO3 prevents the 
precipitation of insoluble fluoride compounds [30]. On the 
other hand, the effect of the mixed solution in laser-
assisted etching is unknown. For this study, we investigat-
ed the relationship between the concentration of HNO3 in 
the mixed solution and the etch selectivity, which is de-
fined as the etch depth of the modified region divided by 
the etch depth of the unmodified region. Furthermore, we 

demonstrated the formation of 20 μm diameter through 
holes in a 100 μm thick glass substrate using the mixed 
solution with the highest etch selectivity. 

 
2. Experiment 

Schematic illustrations of the glass sample modification 
process are presented in Fig.1. As shown in Fig. 1(a), an 
amplified femtosecond fiber laser system (IMRA America, 
FCPA μJewel), operating at a wavelength of 1045 nm, with 
a 450 fs pulse width and 100 kHz repetition rate was used. 
The laser beam passes through an attenuator and a beam 

 

 

  

Fig. 1  Schematic illustrations of the glass sample modifi-
cation process. (a) Experimental setup. (b) The glass sam-
ple is translated by a motorized stage, and a linear modi-

fied region is formed. 
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expander and is then focused by a 20× objective lens 
(NA=0.4). The pulse energy irradiated to the glass sample 
was adjusted to 1μJ/pulse by the attenuator, which consists 
of a half-wave plate and a polarized beam splitter. The mul-
ti-component glass samples used in this experiment were 
non-alkaline glass with a thickness of 200 μm. These were 
mounted on a motorized stage and translated in the direc-
tion of the optical axis at a speed of 20 mm/s such that the 
focal point moved from the rear surface to the front surface 
of the sample, thus forming a linear modified region as 
shown in Fig. 1(b). Fig. 2 is an optical microscope image of 
one of these samples, in which three modified regions can 
be seen. It is clear that the modified regions are not homo-
geneous along the optical axis; indistinct regions are found 
on the front side of the each modified region (upper side of 
the image). This inhomogeneity is probably caused by the 
influence of spherical aberration due to refractive index-
mismatch at the interface between the glass and air [31]. 
These samples were immersed for 10 minutes at room tem-
perature in aqueous solutions containing 2% HF and be-
tween 0 and 32% HNO3, which was varied for each sample. 
After etching, the samples were analyzed using an optical 
microscope. 
 
3. Results and discussion 

Fig. 3 shows optical microscope images of the etched 
samples, with the concentration of the HNO3 being (a) 0%, 
(b) 3%, (c) 6% and (d) 32% (by weight). The top and bot-
tom of the images correspond to the front and rear surfaces 
of the samples, respectively. The images show that the hole 
depth on the front side differs from that on the rear side in 
all samples. On the front side, the hole depth is insufficient. 
The indistinct modified regions mentioned above have pre-
vented the hole from extending deeper into the glass, which 
means that the etch rate of the indistinct regions are very 
low. From here on, we focus our attention only on the rear 
side of the samples. As shown in the images, the hole depth 
and shape depend on the HNO3 concentration. In particular, 
in the 32% sample, the hole diameter at the entrance is very 
large, and the sample has become thinner compared with 
the other samples. This is because the unmodified region of 
the glass is also etched well by the concentrated HNO3, so 

the hole extends laterally over the modified region as well 
as thinning the sample. The measurements of the hole 
depth, d, from these images are summarized in Fig. 4 as a 
function of HNO3 concentration. The depth here is the av-
erage depth of 10 to 13 holes for each plotted value. Addi-
tionally, the error bars in the figure represent standard devi-
ation (1σ). The etch depth of the unmodified region, d0, 
which is half the reduction in thickness of the sample, is 
also shown in the figure. As shown in the figure, d increas-
es rapidly as the concentration of HNO3 increases to 6%. 
When it exceeds 6%, d more or less saturates. This satura-
tion can be explained as being due to fresh solution being 
unable to reach the bottoms of the holes as the hole depth 

Fig. 2  Optical microscope image of the modified sample 
with three linear modified regions. 

Indistinct region 

Modified regions  

Fig. 3  Optical microscope images of the etched samples, 
with concentration of the HNO3 being (a) 0 %, (b) 3 %, (c) 

6 %, (d) 32 % (by weight). 
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Fig. 4  Measurements of the hole depth (on the left-hand 
axis) and the etch depth of unmodified region (on the 
right-hand axis) as a function of HNO3 concentration. 
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increases [5]. On the other hand, the etch depth of the un-
modified region, d0, increases monotonically as the concen-
tration of HNO3 increases. Fig. 5 shows the etch selectivity, 
δ, as a function of HNO3 concentration. δ is defined by the 
equation δ = (d + d0) / d0, which represents the etch depth 
of the modified region (d + d0) divided by the etch depth of 
the unmodified region (d0). From the figure, the highest 
value of δ, i.e. 21, is observed with a HNO3 concentration 
of 6%. The highest etch selectivity, 21, is much lower than 
the etch selectivity of fused silica (more than a few hun-
dred) [5, 6], because, unlike in fused silica, no periodic 
nanostructures are formed in multi-component glass such 
as non-alkaline glass [5]. 

We tried to form through holes in 100 μm thick non-
alkaline glass substrates using the mixed etching solution 
containing 6% HNO3 and 2% HF. Optical microscope im-
ages of these through holes are shown in Fig.6. This shows 
cross-sections of the through holes in a cleaved sample. 
The holes have a pitch of 50 μm and have been successful-
ly formed without any cracks around them. The diameter of 
the holes is close to 20 μm; thus the aspect ratio is about 5. 
 
4. Conclusion 

Laser-assisted etching, which uses femtosecond laser ir-
radiation followed by wet chemical etching, is a powerful 
method for forming 3D microstructures. In this study, we 
used this method with mixed aqueous solutions of HF and 
HNO3 for the etching to form micro through holes in multi-
component glass substrates. The samples were modified by 
a femtosecond laser and subsequently immersed for 10 
minutes in aqueous solutions containing 2% HF and be-
tween 0 and 32% HNO3. The subsequent optical micro-
scope observations and measurements showed that the 
highest etch selectivity, 21, was observed with a HNO3 
concentration of 6%. Furthermore, through holes with di-
ameters approaching 20 μm were successfully formed in a 
100 μm thick glass substrate using the solution. Our plan 
for our future work is to reduce the inner wall roughness 
and the taper angle of the holes. For that, we need to reduce 
the inhomogeneity of the modified region. Additionally, 
material analysis of the modified region is also important. 
We believe that this is a potentially effective method for 
forming small diameter holes with narrow pitch compared 
with other methods. 
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