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Abstract: We demonstrate a new method for high resolution patterning of the facets of a 
nonlinear crystal, LiB3O5, based on lithographic exposure of its anti-reflection coating layer, 
followed by ion beam milling. This crystal is attractive for high intensity frequency 
conversion due to its high damage threshold. We demonstrate an application of our patterning 
method for shaping the fundamental beam, as well as the second harmonic beam that is 
generated in the crystal. We fabricated six different phase masks that generated the following 
beam profiles in both wavelengths: on- and off-axis high order Hermite-Gaussian beam, Airy 
beam, vortex beam, lens and a periodic Bragg grating. Such an optical device opens up new 
possibilities for compact beam shaping in high power nonlinear interaction in a broad range 
of frequencies. 
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1. Introduction
Nonlinear frequency conversion in quadratic nonlinear crystals is widely used to generate 
coherent radiation in wavelengths in which compact and efficient sources are not available. In 
many applications, such as material processing, photolithography, medical, and scientific 
research [1], the generated beam in the nonlinear crystal has to be shaped using conventional 
optical elements placed beyond the exit facet of the crystal, e.g. lenses, filters, spatial light 
modulators, mode converters, etc. These optical elements often consume large work space, 
they induce unwanted mechanical instabilities and increase the overall cost of the system. 

An alternative method to overcome these problems is to integrate the beam shaping 
process within the nonlinear crystal. In the past, in order to achieve the desired beam profile, 
the second-order nonlinear coefficient has been spatially modulated to manipulate the beam 
profile in a variety of examples such as focusing [2,3], steering [4] and shaping [5–8]. 
However, this approach holds several drawbacks; in particular, the difficulty to achieve 
efficient phase matching along with shaping of the beam in two transverse dimensions. 
Moreover, it is limited only to crystals that can be used in quasi-phase matched processes, 
mainly fairly thin (~1 mm thickness) ferroelectric crystals having relatively low intensity 
damage threshold and limited spectral coverage at ultraviolet wavelengths. 

An alternative is the direct functionalization of the facet of the nonlinear crystal. This has 
been previously demonstrated by adding a metal layer which was then patterned by focused 
ion beam milling, in order to generate a binary amplitude mask [9] or by direct three-
dimensional printing of phase masks in a polymer that was added to the facet of the crystal 
[10]. Whereas these two techniques enabled arbitrary shaping of beams that were generated in 
the nonlinear crystal, they are still limited to low power applications – in the first technique 
owing to absorption and losses in the metal layer of the amplitude mask, and in the second 
method owing to the limited damage threshold of the polymer that is used in the printing 
process. 

In this letter, we demonstrate a new method for shaping beams in nonlinear processes, that 
is suitable for very high-intensity applications. It is based on milling phase masks directly into 
the anti-reflection coating layer at the exit facet of a lithium triborate LiB3O5 (LBO) crystal. 
LBO is characterized by a wide transparency range (155–3200 nm), extremely high laser-
induced damage threshold at 1064nm wavelength (45 GW/cm2 for 1ns pulses) and low linear 
optical absorption [11,12]. Such properties are highly desired in high power industrial 
applications. 

2. Fabrication process
The LBO crystal we used (Raicol crystals) had dimensions of 7×3×3 mm3 and was cut for 
type-I critical second harmonic phase matching of 1064 nm light. The input and output facets 
were protected with a 600 nm thick anti-reflective coating for 1064 nm light, consisting of a 
stack of layers of silicon dioxide (SiO2) and hafnium dioxide (HfO2). The crystal was placed 
in a special hollow cylindrical holder with its exit facet facing up. The holder was designed to 
be compatible with our spin-coater, where we found that transversely orienting the crystal 
slightly-off relative to the rotation axis allowed for a more homogeneous spread of the resist, 
probably due to the higher momentum, where otherwise the small surface area of the facet 
incurs an oblate shape of the resist. Figure 1(a) illustrates schematically the fabrication 
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process. Two types of lithographic processes were separately employed: in the UV process, 
we exposed the mask onto AZ1518 photoresist. In the e-beam process, we wrote the mask 
directly onto PMMA augmented with an additional conductive layer (Electra 92 AR-PC 
5090.02, not shown). Following development, the coating layer of the crystal was etched 
through the mask using a broad-beam ion dry etching machine (AJA Ion miller, Phase 2J). 
The remaining resist was then removed with acetone and ultrasonic treatment. In order to 
assess the optical quality of the patterned crystal, we used an Olympus LEXT 4000 confocal 
microscope. 

Fig. 1. (a) Schematic of the fabrication process of binary patterns using lithographic methods. 
(b-g) Confocal microscopic images of milled structures on the LBO facet, namely (b) binary 
phase step; (c) Bragg grating; (d) lens; (e) fork grating; (f) Hermite-Gauss of order 1,2; (g) 
Two-dimensional Airy beam. All scale bars are 40 µm. 

3. Results and discussion

3.1 On-axis beam shaping 

We first tested the fabrication process by generating a π-phase step, as shown in Fig. 2. This 
structure is useful for on-axis generation of HG10-like beam, which is characterized by a π-
phase jump on axis. The accumulated phase of the wave for a step of height h(x, y) is 

2 ( ) ( , )
( , )

airn n h x y
x y

π
λ

− ×Φ = (1)
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Here, n and nair represent the refractive indices of the anti-reflection coating and air, 
respectively and λ  is the operating wavelength. We estimate that the refractive index of the 
multilayer coating as the average of the refractive indices of HfO2 and SiO2, i.e ~1.7. Setting 

 / 2( )airh n nλ= −  ~380 nm we obtain a phase step of approximately π radians for the second 

harmonic (SH) wavelength of 532 nm. Note that the accumulated phase for the fundamental 
frequency (FF) is approximately π/2. The generation of HG10-like mode was obtained by 
illuminating the edge of the π-phase step square with the beam waist, as shown in Fig. 2(a) 
and Fig. 2(b), so that half of the beam accumulates the π phase shift. The microscopic image 
of the fabricated phase step is shown in Fig. 1(b). Figure 2 shows the measured (top), and 
simulated (bottom) SH Fig. 2(c) and FF Fig. 2(d) beams. The experimental intensity 
measurements exhibit good correlation (>80%) with simulation, where we attribute the 
difference mainly due to non-uniform milling of π-phase step because of fabrication errors. 

Fig. 2. (a, b) Schematic illustration of beam positioning on the π phase-step structure which 
determines the spatial distribution of HG10 mode. Simulated (bottom) and measured (top) for 
(c) SH and (d) FF of the generated HG10. The scale bar is 150µm.

3.2 Off-axis beam shaping using a binary phase mask 

In order to realize more complex beam shaping, the next step was to design and fabricate off-
axis binary phase masks on the crystal's facet. These are computer generated holograms 
(CGH), and the design was based on the method of Lee [13]. Whereas Lee's original coding 
scheme was based on binary amplitude modulation, here we perform binary phase modulation 
so that the facet transmission function is given by 

2
( , ) exp{ [1 [cos( ( , )) cos( ( , ))]]}

2
T x y sign x y q x y

π ϕ πΔΦ= + + −
Λ

 (2) 

Here, q(x, y) is defined by ( ) ( )( ), ,A x y sin q x yπ= . A( ,x y ) and ( ),x yϕ  are amplitude and

the phase of the Fourier transform of the desired beam profile in the first order of diffraction. 
ʌ is a grating period of 10µm. The phase step ΔΦ  is defined by the etching process, in a 
similar manner to what we described for the simple phase-step. The microscopic images of 
five different fabricated off-axis hologram patterns are shown in Fig. 1(c)–1(g). These 
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include: a periodic Bragg grating, a focusing lens, a fork grating for generating Laguerre-
Gauss-like beams [14] with one topological charge, Hermite-Gauss-like beam of order 1,2 
[15], and a two-dimensional Airy beam [16]. The generated beams have interesting 
properties. For example, the Hermite-Gaussian beam is self-similar and maintains its shape as 
it expands owing to diffraction. This is also the case with Laguerre-Gaussian modes, though 
these also have a non-zero azimuthal index such that they carry orbital angular momentum 
and hence could be useful for spatial manipulations of micro-particles by light [17]. The Airy 
beam exhibits self-acceleration and self-healing properties [18]. 

Fig. 3. Schematic of the optical setup. L1 and L2 are lenses. A band pass filter was used to 
remove the pump wavelength from the generated second harmonic frequency. 

Fig. 4. (a) Diffraction pattern of a Bragg grating with 50% duty cycle. (i) Measurement and (ii) 
simulation. Most of the intensity of the diffracted light is confined within the −1, 0, and + 1 
orders. (b, c) Evolution of the diffraction pattern from the lens structure in Fig. 1(d), as 
measured at three different locations: (i) before, (ii) at focus and (iii) after focus, for (b) 
measured SH, (c) measured FF. 
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Fig. 5. Comparison of the beam radius for the converging (positive) diffraction order of (a) SH, 
(b) FF and diverging (negative) diffraction order of (c) SH, and (d) FF, as measured and
simulated in Fig. 4. The measurement of the beam radius was performed in the horizontal
direction and the beam is assumed rotationally symmetric. 

Figure 3 illustrates the experimental optical setup to observe the beam shaping at SH and 
FF, respectively. The FF source used in the experiment was a Nd: YAG laser producing 10ns 
pulses at a 2kHz repetition rate. In order to shape the beam profile, the incident laser beam 
was focused on the exit face of the crystal using a 150mm focal length (L1) lens which 
produced waist radius around 200µm at 1064nm wavelength. This waist size ensures an 
illumination completely encompassing the binary structures with nearly constant transverse 
phase. The 4f lens system was used to image the shaped beam in the first order of diffraction 
to the camera. In this case, the lens (L2) of focal length 100mm was used for far-field 
imaging of beam-shapes at the camera. The SH beam was filtered out from FF by using a 
bandpass filter (FGS900, Thorlabs) whereas the FF beam was filtered out from SH by using 
1064nm line filter of 10nm bandwidth (FL1064-10, Thorlabs). 

For the Bragg grating structure (Fig. 1(c)), which has roughly 50% duty cycle, the 
diffraction pattern is shown in Fig. 4(a) with good agreement between Fig. 4(a, i) 
measurement and Fig. 4(a, ii) simulation. In this case, most of the incident power is diffracted 
into the 0, −1 and + 1 orders. The grating could be useful as a three-port beam splitter [19] for 
holography and interferometry [20]. Next, we measured the diffractive off-axis lens (Fig. 
1(d)). The expression describing the binary structure is given in Table 1. A set of three 
measurements in different propagation distances form the focal series as shown in Fig. 4(b) 
for the SH and Fig. 4(c) for the FF. 
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Table 1. Modulation expressions for desired beam profiles 

Beam profile Modulation expression 

Off-axis lens (Fig. 1(d)) 2 22 2 ( )
[cos( )]

2

x x y
sign

F

π π
λ

+
+

Λ
Fork grating (Fig. 1(e)) 2

[cos( )]
x

sign
π

φ+
Λ

Hermite-Gauss (HG12) (Fig. 1(f)) 2 2

1 2
2

0 0 0

2 2 ( )
( ) ( ) exp( )

x y x y
H H

w w w

+
× ×  

2D Airy (Fig. 1(g)) 3 3

3

( )

3

x y

β
+

The expressions for: the off-axis lens and fork gratings; these are the exact binary modulations 
expressions assuming a π  phase shift. Also, listed are the 2D cross section formulas for the Hermite-
Gauss 12 and the two dimensional Airy beam; in this case, the beams were encoded into a binary structure 

using the method of Lee, as elaborated in the text.
0

w  is the illumination beam waist (200µm at 1064nm), 

and (~27µm) is the nodal trajectory coefficient of the Airy beam. φ is the azimuthal phase. 

Fig. 6. Simulated (top row), experimental SH (middle row) and experimental FF (bottom row) 
results of (a) vortex beam, (b) HG12 and (c) Airy beam. The scale bar is 150µm. 

The designed focal length was the F = 3cm in the first diffraction order of the FF, which 
translates to 1.5cm for the SH beam. As expected, in the positive first order a focusing lens is 
evident, while in the negative first order we find a defocusing lens. The diffraction pattern of 
the FF and SH also exhibit a two-dimensional sinc pattern, which is a result of the 
illuminating spot being larger than the square-shaped borders of the binary structure. Figure 
5(a), Fig. 5(b) and Fig. 5(c), Fig. 5(d) compares the simulated and measured beam radius of 
the converging (positive) diffraction and diverging (negative) diffraction order, for the SH 
(Fig. 5(a), Fig. 5(c)) and FF (Fig. 5(b), Fig. 5(d)). Figure 6 shows the three different beam 
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patterns, in the first order of diffraction: vortex beam, Hermite-Gauss 12 beam and the two-
dimensional Airy beam. The expressions for these beams are given in Table 1; their encoding 
into a binary structure is done using the Lee method as elaborated on previously. 

Figures 6(a)–6(c) shows the simulated beam shapes, Figs. 6(d)–6(f) and Figs. 6(g)–6(i) 
represent the experimentally observed beam shapes in SH and FF. The experimental results 
shown in Fig. 6 are in good agreement (>83-96%) for SH with the simulation results. The 
beam profiles at the pump wavelength are relatively less correlated (> 78-88%) since the 
structures were designed specifically for the second harmonic wavelength (modulations 
expressions assuming a π  phase shift at SH wavelength). The generated beams were slightly 
different from the simulation because of the fabrication limitation, for example, owing to 
deviations of the milled patterns from the designed ones. We note that the small cracks that 
are seen in the masks for the Hermite-Gauss12 and Airy beams, Fig. 1(f) and Fig. 1(g), did not 
reduce significantly the quality of the generated beams, since they are not periodic hence do 
not diffract efficiently into the first diffraction order. These cracks were caused by discharge 
during the e-beam writing, and can be eliminated by further optimizing the lithography 
process. 

4. Conclusion
In this work, we have shown a new method for shaping beams in a nonlinear conversion 
process, by directly patterning the anti-reflection coating layer at the facet of an LBO 
nonlinear crystal. This is accomplished by ion-beam milling through a lithographically 
defined mask. The high damage threshold of LBO and the utilization of phase-only beam 
shaping offers important advantages for high power applications. The integration of beam 
shaping with the nonlinear crystal provides a compact device that can be used to modify and 
shape the incident fundamental beam and the nonlinearly generated beam for high power 
applications, and at wavelengths (e.g. in the ultraviolet) in which beam shaping elements such 
as spatial light modulator are not available. We have shown that multiple holograms can be 
generated on the same crystal facet, thus the same crystal can be utilized to generate different 
beam shapes by translating the pump beam. Finally, we note that the method we presented 
here can be further extended, using phase-only iterative design procedures such as Gerchberg 
Saxton’s [21] for generating arbitrary shaped beams. 
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