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Abstract— Here, we report embedded spiral zone plates (SZPs)
processed by tightly focused femtosecond pulses, inducing a
refractive index change in a sapphire crystal. The change in the
index is investigated both experimentally and theoretically and
found to be 0.93% lower than that before the laser irradiation.
Benefiting from the investigation of the photorefraction, a high
diffractive efficiency of up to 78% is achieved for the SZPs.
In addition, the SZPs are embedded under the surface of the sap-
phire, which ensures that the components possess stable optical
properties in the case of external refractive index changes. The
high-performance elements having a high diffractive efficiency
and stable optical performance will have tremendous applications
in optical communication and optical manipulation.

Index Terms— Femtosecond laser, sapphire, OV beam, spiral
zone plates.

I. INTRODUCTION

IN the past decades, with the development of diffractive
optics, diffractive micro-optical elements have received new

relevance and new models have been developed for them,
leading to a significant impact on the development of optical
systems. Until now, they have been a key part of optical
communication and interconnection applications and widely
used in the aerospace and military fields. Simultaneously,
the efficiency of diffractive optical elements (DOEs) has
been undergoing an applicable revolution. Despite the long
period of research, their low efficiency is still the toughest
problem limiting the integration of diffractive optical micro-
elements. To solve this issue, the conventional amplitude-type
diffractive elements are replaced by phase-type devices [1]–[5]
and the order of the corresponding diffractive devices is
increased [3]–[5]. High-efficiency diffractive elements have
been reported to be designed based on the total internal reflec-
tion [6], stratified volume diffraction [7], and polarization-
modulating structures [8]. Recently, developing a meta-surface
has become a concerned prominent area to improve the dif-
fractive efficiency [9]–[11]. The above-mentioned works have
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played a crucial role in the research and development of high-
efficiency DOEs.

The fabrication of continuous-surface elements to achieve
improved diffractive efficiency is an easy operating and
highly feasible method. Recently, there have been several
reports on using laser direct writing lithography to fabricate
continuous-surface micro-optical elements on hybrid sol-gel
materials [12], [13]. Similarly, in a related letter, the fabrica-
tion of continuous-surface spiral zone plates (SZPs) on SU-8
by femtosecond (fs)-laser direct writing based on a two-photon
polymerization was proposed [14]. It was the basis for a report
from the Xie group on a single-focus SZP [15]. However, all
the above-mentioned studies on SZP fabrication were focused
on the surface of the relevant material, which was sensitive to
the external changing environment, such as in a sea or desert.
The fs-laser direct writing technology [16]–[19] is playing an
essential role in embedded micro-optical components because
the focused fs-laser can easily induce a change in the refrac-
tive index of the transparent material without causing any
damage to the surface [20], [21]. Accordingly, numerous
three-dimensional structures have been fabricated, such as
chiral structures and integrated opto-mechanical single-photon
frequency shifters.

Here, we present a continuous-surface SZP in a sapphire
to generate a high-efficiency optical vortex (OV) beam by
fs-laser direct writing. The high-precision fs-laser point-by-
point scanning method provides the technical support for the
fabrication of arbitrary three-dimensional volume structures
in the transparent material. Serial pulses and same pulse
energy ensure that the profile of the fabricated structure is
a continuous surface. Thus, the high-efficiency DOEs in the
sapphire exhibit an excellent optical performance and can be
applied in optical communication, quantum calculation, and
quantum information in the aerospace and military domains
where the harsh environment demands that a material endures
a high temperature and resists corrosion.

II. THEORY AND EXPERIMENTS

In the experiment, a third-harmonic wavelength UV light
(343 nm) is generated by a Pharos fs-laser amplifier (repetition
f = 200 kHz and pulse duration τp = 280 fs). A high-
numerical aperture lens (NA = 0.75, magnification 40×) is
used to tightly focus the laser on the d = 1.22λ/N A =
558 nm distance spots in a 430-μm-thick sapphire (He Fei
Ke Jing Material Technology, Ltd). The precise scanning of
the light in the xy plane is controlled by a two-Galvano-
mirror system, and the sample is moved unrestrictedly along
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Fig. 1. (a)–(h) Fluorescence confocal microscope images of a particular
structure fabricated by 280 fs, 343 nm wavelength, and 18 nJ (at focus) in the
sapphire at different depths (0 μm, 10 μm, 20 μm, 30 μm,40 μm, 50 μm,
60 μm, and 68 μm). Scale bar: 15 μm.

the z axis by a piezo stage (PI P611 ZS, 1 nm precise).
The scanning speed as controlled by a program is 40 μm/s.
The high-repetition laser combined with high-speed scanning
enables rapid fabrication of DOEs (several minutes). Based
on the scanning speed and repetition frequency, the pulse-to-
pulse spatial distance is calculated by x = vs/ f to be 0.2 nm,
which is beneficial for fabricating SZPs with smooth profiles
in the sapphire [23]–[25]. Unless otherwise stated, in this
study, the fabricating pulse energy is 18 nJ and layer spacing
is 500 nm, which are the most appropriate parameters for
fabricating continuous-surface elements without any cracks.

For general DOEs, such as two-level Fresnel zone plates,
most of the light is scattered when it passes through them.
This undesirable scattering not only causes light loss but
also reduces the contrast of the image plane. Benefiting
from the three-dimensional processing ability of the fs-laser,
continuous-surface SZPs were processed inside the sapphire.
An SZP of 60 μm in diameter and 68 μm in height was
observed by 40× fluorescence confocal microscope at dif-
ferent depths, and the results are shown in Figs. 1(a)–1(h),
respectively. In Fig. 1(a), the image is captured 40 μm below
the surface. Then the microscope observation plane moves
down gradually, and Figs. 1(b)–(h) show the images captured
at intervals of 10 μm. The width of the helix at the edge of
the SZP increases from 0.7 mm to 3.1 mm, which indicates
that an SZP with a continuous surface is fabricated inside the
sapphire by the high-precision fs-laser fabrication

III. RESULTS AND DISCUSSION

It is well known that multi-photon ionization is the main
cause of the optical breakdown occurring in dielectrics [26].
In this experiment, a nearly two-photon generation by the used
343-nm-wavelength laser is required to transfer an electron
from the valence band to the conduction band. A crystal-
amorphous-re-crystal transition can be easily achieved by
laser-material interaction, which changes the refractive index
of the transparent material. Thus, the difference in the refrac-
tive index between the laser-modified region of the sapphire
and host sapphire can modulate the phase to achieve some dis-
tinct optical effects [27]. However, the refractive index change
cannot be calculated accurately because it depends on the pulse
energy, aperture of the objective lens, repetition, and mate-
rial. Therefore, some SZPs of different heights need to be

Fig. 2. Light spots (a)–(h), energy extraction diagrams (i)–(p), three-
dimensional grid diagrams (q)–(x) on the focus plane generated by different-
height SZPs, and the normalized spot energy obtained by the integration of
the light spots (z). The peak in the efficiency curve (78%) occurs when the
height is 68 μm. Scale bar: 1 μm.

fabricated to form the highest-efficiency elements to calculate
accurately the refractive changing index. In fact, the refractive
index change varies with the depth. The refractive index is
changed less because of defocusing when the same pulse
laser focuses deeper inside a transparent material. Moreover,
we assume that the refractive index changes of each laser-
modified region are the same in the experiment. During the
measurement, a He-Ne laser (Peking University Factory of the
Physics Department) was used. The power of the laser incident
on the SZP was 3 μw. The diffractive beam was captured
by an imaging system composed of a 40× objective lens
and an industrial CCD camera (5.0 Megapixels). To ensure
the comparability of the different structural tests, the expo-
sure, brightness, and contrast were set as −5, 141, and 43,
respectively. The light spots on the focal plane of the SZPs
of different heights (17 μm, 34 μm, 51μm, 68 μm, 85 μm,
102 μm, 119 μm, and 136 μm) are shown in Figs. 2(a)–(h).
To display the focusing spots of the different height elements
more directly and clearly, the energy extraction diagrams and
three-dimensional grid diagrams of the original images are
shown in Figs. 2(i)–(p) and Figs. 2(q)-(x), respectively. The
normalized spot energy is obtained from the integration of
the light spots. It is found that the normalized diffraction
efficiency first increases and then decreases with the change
in the component thickness, as shown in Fig. 2(y).

DOE with 68 μm height has the highest efficiency of 78%,
and the refractive changing index is calculated by the equation,

�φ = 2π�nh/λ (1)

where h is the height of the SZP and λ is the measured laser
wavelength. For DOEs, working at the maximum efficiency,
the phase delay varies continuously from 0 to 2π . A refractive
changing index of 9.31 × 10−3 is obtained by formula (1),
which agrees well with the previous reports on the fs-laser
direct writing process applied to a sapphire at the threshold
value [28].
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Fig. 3. Two different SZPs modeled by a concave lens (a) and convex lens (b).
The diffractive focus of the SZP designed as a concave lens (positive refractive
index change) at the real focus (c) and virtual focus (d). The diffractive focus
of the conjugate structure designed as a convex lens (negative refractive index
change) at the real focus (e) and virtual focus (f). Focus length: 120 μm and
scale bar: 6 μm.

Although the refractive changing index is calculated,
the positive or negative of the amount of the fs-laser mod-
ified refractive changing index is not obtained. It is well
established that when a laser exceeds the damage thresh-
old, the high peak energy of the laser instantly trans-
forms a crystal of sapphire into plasma to form a void.
In the case when the laser power approaches the dam-
age threshold, the peak power will form a photo-modified
region having a decreased refractive index instead of a void.
According to the law of conservation of mass, the sur-
rounding host sapphire will then acquire a mass density
because of the fs-laser-modified volume expansion [29], [30].
For the three-dimensional structures in the considered sap-
phire, the same method can be used for explaining that
refractive index of the region induced by the fs-laser is
smaller than that of the host sapphire. It is important to know
the refractive index changes of the region induced by laser
because the phase change value is related to it. The diffractive
efficiency of an optical element depends on its refractive
index distribution and the refractive index of its surrounding
environment. To provide the evidence for the increasing or
decreasing refractive index of the fs-laser-scanning region
directly, Two SZPs modeled by a concave lens and convex lens
were fabricated, respectively. The scanned area and unscanned
area are marked in gray and blue in Figs. 3(a) and 3(b),
respectively. If the refractive index increases, a donut shaped
focus is formed behind the SZP (Fig. 3(a)), having a higher
energy than that in its front. However, the focus energy in
front of the SZP (Fig. 3(d)) is obviously higher than that in
the back (Fig. 3(c)). It can be observed that the refractive index
of the laser scanning region is reduced. As for the conjugate
structure, the element, as shown in Fig. 3(b), possesses a
brighter spot behind the element (Fig. 3(e)) than the one in
front (Fig. 3(f)). This indicates that the refractive index of the
laser scanning region is decreased, and the element is seen as
consisting of unscanned blue areas.

The OV beam has a circular ring cross-section intensity
distribution, a spiral wave-front phase distribution, and an
orbital angular momentum. Compared with a general light

Fig. 4. SZPs with different topological charges of one, two, and three
(a)–(c), experiment results (d)–(f), simulation results (g)-(i), and the interfer-
ence patterns of the OAMs (j)–(l). Scale bar: 18 μm (a)-(c) and 6 μm (d)–(l).

wave, the OV beam possesses a hollow spot on the focus-
ing plane, instead of a solid spot [31]. The theoretical and
experimental spot sizes of the SZPs with different topological
charges are shown in Fig. 4. Three SZPs are fabricated with
different topological charges of one, two, and three, as shown
in Figs. 4(a)–(c). When the He-Ne laser passes through the
element, a hollow spot appears at the focus. The experiment
light spots (Figs. 4(d)–(f)) are in good agreement with the
theoretical results (Figs. 4(g)–(i)) simulated by the commercial
optical software, Virtual Lab. In addition, the interference
patterns of the OAM beams with different topological charges
and plane wave are shown in Figs. 4(j)–(l).

IV. CONCLUSIONS

Overall, a three-dimensional continuous optical element can
be achieved inside a transparent material by laser-induced
refractive index changes. A high-efficiency SZP was fabricated
in a sapphire by femtosecond-laser direct writing intensive
scanning. A high diffractive efficiency (78%) of the SZP
was measured accurately via the gray-scale integral method.
Simultaneously, perfect and homogeneous OV beams focused
on the SZPs with topological charge numbers of one, two,
and three were obtained. We also verified that the refractive
index of the sapphire exposed by the femtosecond laser was
reduced theoretically and experimentally, and the refractive
changing index (�n) was 9.31 × 10−3. The SZP elements
embedded in the sapphire possessed the excellent property
of being insensitive to the changes in the external refractive
index and exhibited a tremendous potential for applications in
harsh environments. The OAM offers unprecedented freedom
to quantum communication and shows tangible prospects in
the field of optical manipulation.
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