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We report the characterization of diffractive microlens arrays (MAs) using a polarization holographic approach
assisted by a spatial light modulator (SLM), in a nematic liquid crystal (NLC) cell. The MAs were recorded in the
photoaligning substrates of the cell and then replicated in the NLC bulk, through the surface interactions. The
transparency of the NLC on a wide range of wavelengths and the ability to tune its optical birefringence, through
an external voltage, allowed us to create MAs with high efficiency. We have presented the results obtained for
diverse MAs configurations, composed by spherical and cylindrical microlenses and characterized by different
focal lengths. The efficiency reaches a value of 90%, at a wavelength of 633 nm. © 2015 Optical Society of America
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1. INTRODUCTION

Advancements in optical and photonic microdevices has led to
extensive investigation in the last decade of the design of micro-
components, such as microlens arrays (MAs). MAs are useful
for numerous applications, such as three-dimensional (3D) im-
aging [1,2], optical communications [3], Shack–Hartmann
wavefront test [4], lab-on-chip systems [5], optofluidic devices
[6], and image processing [7], among others. Several techniques
to fabricate MAs have been developed, the most common being
modeling the relief’s shape. MAs have been created in diverse
materials, such as amorphous calcium by means of self-
assembling [8], borosilicate glass through local melting with
a focused laser beam [9], and on liquid crystal (LC) using
lithography [10,11]. LC has been extensively employed for
MAs [12,13], with accordable focal length [14,15], owing to
its tunable effective linear birefringence over a wide wavelength
range. Thanks to this important property, LC MAs with planar
geometries have been produced through the gradient index re-
fraction (GRIN) modulation [16]. Recent studies have shown
that GRIN can be created in birefringent materials through
polarization holography [17,18].

The polarization holography relies on the interference of
orthogonally polarized waves, where a modulation of the polari-
zation state of the light occurs in the superposition region, as a
function of the phase difference between the beams [19]. The
polarization holograms (PHs) possess peculiar diffraction

properties. Particularly interesting are the PHs produced by
two orthogonal circular (left and right) polarizations in polari-
zation sensitive materials, where only the zero (0) and the first
(�1) diffracted orders appear, with the left (or right) circularly
polarized �1 (−1) order proportional to the right- (left-) hand
component of the incident wave. Moreover, 100% diffraction
efficiency can be achieved for proper values of the optical re-
tardance [19]. Different from the techniques mentioned above,
polarization holography is a direct recording technique, which
offers important advantages, such as a short writing time, low
recording intensity, and stable systems. In this sense, it is
possible to create MAs on a thin plane sample and control inde-
pendently the GRIN geometry of each microlens (i.e., spheri-
cal, aspherical, cylindrical microlenses, or combinations of
them).

Here we report a method to generate highly efficient and
electrically controllable diffractive MAs, which facilitates en-
coding the parameters of each microlens. The phase informa-
tion of the MAs is stored in a nematic LC (NLC) cell by using a
polarization holographic approach assisted by spatial light
modulator (SLM), which creates the two orthogonally polar-
ized fields to construct the PH. Exploiting the transparency
of the LC over a wide wavelength range and the spatially inho-
mogeneous linear birefringence, obtained by recording the PH
on the photosensitive aligning substrates, diverse combinations
of MAs including spherical and cylindrical microlenses have
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been created, controlling their GRIN. In particular, our MAs
have potential applications in biophotonics [20], fiber coupling
[21], patterning by flood illumination [22], and solar cells [23].
In addition, unlike the MAs obtained by direct recording on
photobirefringent polymer [18], by applying a small voltage
to the NLC cell, the MAs diffraction efficiency can be opti-
mized for the spectral range of interest. Here we have demon-
strated an efficiency of 90% at 633 nm.

2. THEORY

The MAs are codified using a PH, which is created by the in-
terference between a plane wave and the phase element corre-
sponding to the MAs, having orthogonal circular polarizations
and whose propagation axes form a small angle θ. The inter-
fering fields can be written as
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the N ×M MA. The phase of each microlens in ψ�x; y� can
be expressed by
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where anm, bnm are constant values in the range [0,1],
�xnm; ynm�, f nm are the center coordinates and the focal distance
of each microlens, respectively. For simplicity, we have omitted
the �x; y� dependence in the phase function ψ . The resulting
optical field pattern in the superposition region is
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The Stokes parameters of this field can be expressed by [19]
S0 � 1, S1 � 2 cos�2δ − ψ�, S2 � 2 sin�2δ − ψ�, S3 � 0,
and the transmission matrix of the recorded hologram is
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, k is the wavenumber, d is the

thickness of the film, γlin is a coefficient related to the effective
linear birefringence. By substituting the Stokes parameters into
Eq. (4), we evaluate the transmission matrix of the hologram,
which can be written as sum of the three matrices associated
with the 0 and the �1 diffraction orders:
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The �1 and −1 orders in Eq. (5) have conjugated phases,
meaning that it is possible to get a MA with positive focal
length on a diffracted order and negative focal length on
the other.

3. EXPERIMENTAL RESULTS

Here we employed a synthetic phase hologram (SPH) [24], dis-
played on a SLM, to produce the PH. This SPH is character-
ized by a linear carrier grating, which puts off-axis its diffraction
orders and avoids the on-axis noise due mainly to the unmodu-
lated reflected light, on the air–glass interface of the SLM.
We exploited the proved capabilities of the SPH, to generate
arbitrary complex fields, to simultaneously create the plane
wave and the MAs needed for the PH. However, because of
the pixelated structure of the SLM, a modulation envelope
function influences the amplitude distribution of the fields;
thus we applied a digital prefiltering to compensate for this
effect [25,26].

Figure 1 shows the experimental setup used to record the
MA holograms. An expanded Argon laser beam (λR �
488 nm) impinges over a phase-only SLM (Holoeye–
PLUTO), which generates two s-polarized fields (i.e., the
MAs and the plane wave). The lens L1 projects the Fourier
spectrum of the SPH on its focal plane. The SPH presents
several noise orders; therefore, a binary spatial filter (SF) is
employed to block the high diffraction orders produced by
the pixelated structure of the SLM and to transmit only the
�1-diffraction order of the SPH. Therefore, the spectra of
the plane wave and the MAs are transmitted. For simplicity,
in the experimental setup, we only depicted three diffraction
orders that correspond to the on-axis order, the plane wave
and the MAs. The s-polarization of the plane wave field is con-
verted in p-polarization by means of a half-wave plate (HWP),
to obtain orthogonal linear polarizations. Finally, a second lens
L2 recovers and projects the beams on the sample (S) and a
quarter-wave plate (QWP) converts the orthogonal linear
polarizations of the fields to opposed circular polarizations.
The lenses employed �L1; L2� have a focal length of f �
300 mm, the interference angle between the fields is θ ≈ 0.5°.

We have experimentally investigated the codification of
MAs in a 2 μm thick NLC layer, confined between two con-
ductive ITO glass plates, coated by 10 nm thick photoaligning
azobenzene material [27], as shown in Fig. 2. When the latter

Fig. 1. Experimental setup used to record the PH. A linearly polar-
ized argon laser (λR � 488 nm) impinges over a SLM, which displays
a SPH to generate a plane wave and the phase element corresponding
to the MA. The lens L1 realizes the Fourier transform of the SPH so a
binary spatial filter (SF) is placed in the focal plane that blocks the
zeroth order of the SPH. The (HWP) rotates by 90° the linear polari-
zation of the plane wave. The lens L2 collects and projects an image of
the two interfering fields, which generate the PH, on the sample (S).
The orthogonal linear polarizations are transformed to circular
opposed polarizations by means of the (QWP).
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are exposed to the interference field in Eq. (3), the azobenzene
molecules reorient according to the direction of the local linear
polarization of the field, thus providing spatially modulated
planar anchoring for the LC layer. Afterward, the empty cell
is filled with the NLC mixture E7 (BL001, Merck) in the iso-
tropic phase at 65°C and slowly cooled down to room temper-
ature. In the nematic phase, this NLC has a birefringence of
0.22 for λ � 633 nm.

The PH recorded on the two command azobenzene films
are replicated in the NLC layer, where the phase information
of the MAs is stored. Several phase configurations have been
designed to create MAs including spherical and cylindrical
microlenses with different focal lengths. The total recording
intensity and the exposure time are 50 mW∕cm2 and 120 s,
respectively. A circularly polarized He–Ne laser probe beam
(λP � 633 nm), whose wavelength is far from the absorption
band of the azobenzene photoaligning material, has been
used to analyze the features of the MAs, in the −1 diffracted
order. The diffraction efficiency measured for the MA holo-
grams is 78%. Nevertheless, a weak voltage applied to the
ITO substrates allows modification of the effective linear
birefringence of the NLC layer, and wide adjustment of the
diffraction efficiency in the spectral range of interest, through
γlin [28].

A 5 × 5 MA is shown in Fig. 3, which is composed by
spherical microlenses (anm � bnm � 1), each one with a
diameter of D ≈ 1.28 mm and focal length 2.5 cm. The effec-
tive focal length depends on the recording (λR) and probe (λP)
wavelengths as f P

nm � λRf nm∕λP � 0.77f nm. Figure 3(a)
shows the phase distribution that corresponds to the MA,
which focalizes 2.5 cm behind the PH, whereas the −1
diffracted order of MA with applied RMS voltage V a �
0 V and V a � 1.3 V is shown in Figs. 3(b) and 3(c),
respectively. It is evident from Figs. 3(b) and 3(c) that the

diffraction efficiency increases when the proper voltage
is applied, namely from 78% at V a � 0 V to 90% at
V a � 1.3 V.

Figure 4(a) shows a second mixed 4 × 4 MA, where each
microlens has a diameterD ≈ 1.6 mm, composed by 12 spheri-
cal microlenses (a1j � b1j � a4j � b4j � a21 � b21 � a24 �
b24 � a31 � b34 � 1 with j � 1, 2, 3, 4) with focal length
f sph � 5 cm, 2 horizontal (a22 � a33 � 1, b22 � b33 � 0)
and 2 vertical (a23 � a32 � 0, b23 � b32 � 1) cylindrical
microlenses with focal length f cyl � 10 cm. Figures 4(b)
and 4(c) show the transmitted intensity of the probe beam re-
corded 5 cm behind the PH, where the spherical microlenses
are focused, with applied voltage V a � 0 V and V a � 1.3 V,
respectively. The transmitted intensity recorded 10 cm behind
the PH, where the cylindrical microlenses are focused, with
applied voltage V a � 0 V and V a � 1.3 V, is shown in
Figs. 4(d) and 4(e), respectively. This applied RMS voltage
maximizes the efficiency of the MAs for the probe wavelength;
however, it can be tuned to maximize the efficiency in the
whole visible range [29].

The weak background noise, which can be seen in Figs. 3(b)
and 3(c), can be attributed to the fact that the microlenses
are defined on a circular pupil [Fig. 3(a)]. There are, indeed,
regions of the command films, corresponding to the dark area
in the interference field of Eq. (3) between the microlenses,
that do not provide a definite anchoring and then the inhomo-
geneous NLC layer in these regions scatters the imping-
ing light.

Fig. 2. Scheme of the cell. A 2 μm thick NLC layer is confined
between two conductive ITO glass plates, coated by 10 nm thick pho-
toaligning azobenzene material.

Fig. 3. 5 × 5 MA, (a) phase distribution of the MA, which is com-
posed by 25 spherical microlenses (f sph � 2.5 cm). The intensity of
the He–Ne probe beam is recorded 2.5 cm behind the PH, where the
spherical microlenses are focused, without (b) and with (c) the applied
voltage (V a � 1.3 V).
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4. CONCLUSIONS

We have presented an all-optical technique to create electrically
tunable and highly efficient diffractive MAs based on SLM-
assisted polarization holography. This method allowed us to
design a GRIN on a thin LC cell to create different MAs con-
figurations. By changing the circular polarization handedness of
the probe beam, the MAs can be switched between positive and
negative focal length over the two �1 diffracted orders, as it
was reported in a previous work [18]. A feature with respect
to [18] is that the controllable linear birefringence, through
an applied voltage, and the transparency of the LC helps to
maximize the diffraction efficiency close to 100%, in the whole
visible range. We have shown two MAs configurations charac-
terized by spherical and cylindrical microlenses with different

focal lengths that are in good agreement with the focalization
properties of these types of elements. By applying a weak volt-
age (V a � 1.3 V) to the NLC cell, we have reported a total
efficiency of the MAs of 90%, at the wavelength of the
He–Ne probe beam (λP � 633 nm). Additionally, the robust-
ness of the proposed method can be exploited to generate big-
ger mixed MAs by combining it with a two-dimensional (2D)
displacement system.

Ulises Ruiz acknowledges support from Consejo Nacional de
Ciencia y Tecnología (CONACYT) México.
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