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Abstract: Micro-electro mechanical systems (MEMS)-based phase-only spatial light modulators
(PLMs) have the potential to overcome the limited speed of liquid crystal on silicon (LCoS) spatial
light modulators (SLMs) and operate at speeds faster than 10 kHz. This expands the practicality of
PLMs to several applications, including communications, sensing, and high-speed displays. The
complex structure and fabrication requirements for large, 2D MEMS arrays with vertical actuation
have kept MEMS-based PLMs out of the market in favor of LCoS SLMs. Recently, Texas Instruments
has adapted its existing DMD technology for fabricating MEMS-based PLMs. Here, we characterize
the diffraction efficiency for one of these PLMs and examine the effect of a nonlinear distribution of
addressable phase states across a range of wavelengths and illumination angles.

Keywords: phase light modulation; spatial light modulation; diffraction; digital micromirror device

1. Introduction

Most 2D arrayed spatial light modulators (SLMs) currently available commercially
are based on either liquid crystals on silicon (LCoS) or micromirror arrays. Liquid crystal
SLMs work on the principle of birefringence in electro-optical liquid crystals. A bias placed
across a liquid crystal cell results in rotation of the liquid crystal molecules, and the phase
retardation of light through the crystal can be modified. Unfortunately, even after years of
research, commercial LCoS SLMs are still limited in their refresh speed to sub kHz due to
the viscoelasticity of the liquid crystal material [1].

Micromirror devices are micro-electro mechanical systems (MEMS) that comprise
of arrays of moveable mirrors, on the scale of microns, to modulate light. Because their
speed is only limited by the resonance frequency of the micro-mirror, these MEMS are
capable of refresh rates that are tens of kHz [2]. The most commonly available micromirror
SLMs are the Texas Instruments’ Digital Light Processing (DLP) line of Digital Micromirror
Devices (DMDs) [3]. Historically, DMDs were amplitude-only modulators, meaning that
the intensity of the light is modulated, and the phase is not. DMD works by tilting the
micromirrors between two states, sending the light in two directions. When the mirrors are
in one state, the light is directed toward the open aperture of the system, while when in the
other state, the light is typically discarded. This results in low optical efficiency. A DMD
can also be used as a diffractive element when displaying not an image, but a hologram.
Because the DMD can only display binary amplitude holograms, its diffraction efficiency
is limited to 10% [4].

A phase-only, MEMS-based SLM would be much more efficient in projecting holo-
grams, starting at 40.5% for binary levels with π phase modulation, and increasing from
there when additional phase levels are accessible. A phase-only MEMS can be made by
actuating the micromirrors vertically in piston motion.

Due to the complexity of the fabrication for micromirror devices with large numbers
of pixels, MEMS-based phase-only spatial light modulator (PLM) devices have had limited
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practical use [5]. In recent years, Texas Instruments has begun to adapt existing technol-
ogy from its DMD line to develop a micromirror PLM with piston mode actuation [6].
The current version of this device consists of a 960 × 540 array of 10.5 µm square mirrors.

While LCoS SLMs are the incumbent technology for phase light modulation, the MEMS-
based alternative has several advantages. As we already introduced, the biggest advantage
of the MEMS PLM is the switching speed. Due to the slow free-energy relaxation of liq-
uid crystals, LCoS devices can only operate at sub kHz speeds [1]. MEMS, on the other
hand, can switch at speeds on the order of tens of kHz. While LCoS speeds may allow
for standard video projection at 180 Hz, it is not suitable for techniques that involve tem-
porally multiplexing images for increased resolution and image quality, or applications
that require fast refresh rates, such as LiDAR beam scanning [7,8] or photonic optical
switch [5]. MEMS-based devices also will not suffer from the same fringing field crosstalk
between adjacent pixels as seen in LCoS, and are polarization-independent; thus, they do
not require the polarization of the illuminating field to be specifically aligned, as is required
by liquid crystals [9]. Potentially, MEMS might also be less affected by scattering and might
sustain higher illumination power since the light does not have to be transmitted through
a medium, but is directly reflected by the micro-mirror’s surface.

Phase light modulation has applications across the spectrum from lithography [10,11]
in the UV, to displays including augmented and virtual reality, as well as holographic
3D display [8,12], to communications and LiDAR in the near-infrared [5,7]. All of these
applications take advantage of the PLM’s ability to engineer the wavefront to redirect light
more efficiently than amplitude modulation.

Here we present a model for the diffraction efficiencies of a PLM across the visible
spectrum and examine the effect of illumination at oblique angles of incidence. We compare
this model with measurement taken with the new PLM from Texas Instruments, and we
look at the linearization of the phase levels for beam steering using a blazed diffraction
grating implemented on the PLM device.

2. Theory

Blazed gratings are one-dimensional diffractive optical elements consisting of a peri-
odic sawtooth phase profile. In the case of pixelated SLM or PLM, the profile is discretized
to the available phase levels of the device, as shown in Figure 1.

(a) (b) (c)
Figure 1. Phase profiles for one period of: (a) A linear distribution of phase levels, (b) nonlinear (all
16 available phase levels on the device), and (c) a forced linear distribution of phase levels mapped to
the available states of the device when illuminated with a 532 nm laser.

For the ideal case of a linear ramp of N steps, the first-order diffraction efficiency at
normal incidence, shown in Figure 2, can be determined analytically as:

η+1 = sinc2(
1
N
). (1)

For a 16-level system (Figure 1a), this predicts a first-order efficiency of 98.7%. How-
ever, the actual distribution of the available phase levels on a particular device is not
linear but follows a specific pattern, such as that presented in Figure 1b. This distribution
has an R2 linearity of 0.93 which reduces the efficiency to 72.5% at normal incidence for
532 nm illumination. Figure 1c is a forced linear mapping using the available phase levels
(Figure 1b), which will be discussed later.



Photonics 2021, 8, 62 3 of 9

Figure 2. First-order diffraction efficiency for multistep blazed gratings. Nonlinear phase levels
below N = 16 were chosen from the available levels such that the phase profile followed the same
trend as the device being tested and had similar R2 values.

Diffraction efficiencies for the nonlinear phase distributions presented in Figure 1
were numerically simulated using Rigorous Coupled Wave Analysis (RCWA) using the
DiffractMOD package in Rsoft by Synopsys [13]. The structure was modeled as a 2D
reflective (aluminum) structure with a mirror pitch of 10.5 µm and mirror heights assigned
to create the phase distributions seen in Figure 1 upon reflection at 532 nm at normal
incidence. Then, the first-order diffraction efficiency was computed for each operating
wavelength between [450 nm, 850 nm], and angle of incidences between [−85°, 85°].

3. Methods

The diffraction efficiencies were measured using the configuration shown in Figure 3.

Figure 3. Experimental setup for measuring the diffraction efficiency across the visible spectrum.

A supercontinuum laser source (SuperK Extreme from NKT Photonics) was used for
simultaneous characterization of diffraction efficiency across a broad range of wavelengths.
Diffraction orders were picked out using a rectangular aperture and measured using an
integrating sphere connected to a spectrometer with a fiber optic cable. The device was
mounted on a rotation stage and aligned such that the axis of rotation was at the surface
of the PLM. Different angles of incidence were set by manually rotating the rotation stage
and aligning the integrating sphere to the desired diffractive order.

The available phase levels shown in Figure 1b were measured using a Michelson
interferometer with a 532 nm CW laser. For each of the phase levels, all mirrors in the
device were set to the same height and the resulting fringe pattern was recorded. Relative
phase differences between each of the levels was determined based on the shift of the
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fringes from one state to another. We observed that on our particular device, lower phase
states are sampled much better than the higher phase states.

The PLM under test, presented in Figure 4, had a reflection efficiency of 63% at 532 nm
when the device was set to a completely flat state. This is due to a combination of the mirror
reflectivity (92% at 532 nm), the fill factor (94.5%), the cover glass reflections, and the overall
mirror morphology, which is not perfectly flat (see Figure 4b). The individual mirrors are
square with a side length of 10.5 um and a 0.3 um gap between each mirror. The average
peak-to-valley height deviation of the surface of each mirror is 30 nm. The PLM housing
also consists of protective cover glass with a broadband (400–700 nm) antireflective coating.
To remove the device-specific characteristics, the diffraction efficiencies presented here are
relative to the reflection efficiency of the PLM.

(a)
(b)

Figure 4. (a) Phase-only spatial light modulator (PLM) in housing and (b) scanning electron micro-
scope (SEM) image of individual mirrors (courtesy of Texas Instruments).

The phase levels of the PLM are modulated by encoding phase values to a 2 × 2 CMOS
array under each mirror. The CMOS cells provide a 0 V or 10 V bias to individual electrodes
beneath each mirror. By modulating which electrodes are biased, the effective area of
the bias is changed, altering the electrostatic force on the mirror, allowing for 16 unique
phase levels [6]. Two-dimensional phase patterns were generated on a computer and
encoded for the CMOS scheme, then streamed to the device via HDMI (at 60 Hz) connected
to a LightCrafter 4710 EVM board manufactured by Texas Instruments. The device is
designed such that phase shift tuning to accommodate different wavelengths can be done
by adjusting a separate mirror bias. At the tuned wavelength, the PLM mirrors can be
actuated to provide a maximum deflection of half a wave, resulting in up to a full wave
modulation after reflection. Actuation to the maximum deflection can be done in less than
20 µs and return in less than 10 µs [6]. For the purposes of this study, this bias was tuned
to be optimal for 532 nm illumination for all measurements. Similar trends are observed
for any tuned wavelength when illuminated with shorter or longer wavelength light.

4. Results and Discussion

To measure the diffraction efficiency according to the wavelength and angle, the PLM
was given a periodic blazed grating pattern consisting of a ramp of all 16 available phase
levels (Figure 1b). Due to the limited fill factor of the PLM (10.5 µm pixels with a 0.3 µm
gap), the device was still diffracting some amount of light when all mirrors were set to
the same height. Therefore, the maximum first-order diffraction efficiency in Equation 1 is
relative to the 0th-order efficiency of the flat-state device. This relative diffraction efficiency
across the visible spectrum for the phase grating using all available PLM phase states is
presented in Figure 5.
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(a) (b)

(c)

Figure 5. Diffraction efficiency for a blazed grating using all available phase levels. (a) Measured
diffraction efficiencies for a 16-state blazed grating, (b) rigorous coupled wave analysis (RCWA)
simulations (dashed lines correspond to common laser lines at 450 nm, 532 nm, and 632.8 nm), and (c)
cross-sections of measured and simulated diffraction efficiencies for 450 nm, 532 nm, and 632.8 nm.

Around the wavelength at which the device is tuned to (532 nm), the diffraction
efficiency is maximum over a broad range of incidence angles. In this region, there are
subtle side lobes to the diffraction efficiency that approach 0° as the wavelength increases
and spread away from 0° as wavelengths decrease. At a certain point, these side lobes
merge and the diffraction efficiency became a single central peak at normal incidence.
Beyond this point, the peak diffraction efficiency remains at normal angle of incidence,
but the magnitude decreases as the overall phase modulation grows smaller compared to
the incident wavelength.

As the wavelength decreases, the phase modulation range becomes larger than the
incident wavelength. At normal incidence, the effective optical path difference is no longer
optimal, and thus the peak diffraction efficiency occurs at non-normal angles of incidence.
As the wavelength gets smaller, the spread of the side lobes increases, and the peak-to-
valley diffraction efficiency also increases. For 450 nm incident light, the peak-to-valley
efficiency difference is 10%. This could be significant for applications like lithography that
require speed and high efficiency.

To optimize the efficiency at higher wavelength (>750 nm), the travel range of the
micromirror needs to be increased. This will allow the PLM to operate in the IR region,
especially at 1550 nm wavelength that is especially useful for telecommunication.

4.1. Impact of Linearity on Diffraction Efficiency

To evaluate the impact of phase state linearity, we can generate a grating using only
a subset of the 16 possible phase states. Since the phase distribution is heavily sampled
for lower displacements, we can omit some levels and duplicate some of the higher
displacement states to map the phase levels closer to the ideal linear ramp (Figure 1c).
Using this modified distribution of states, the grating uses 12 of the 16 states and maintains
the same period as before. The linearity of the phase distribution is increased from R2 = 0.93
to R2 = 0.99. The measured and simulated efficiencies, compared in Figure 6, approach the
expected values for the ideal linear case.
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(a) (b) (c)

(d) (e)
Figure 6. (a) Measured diffraction efficiencies for a 16-state, linearized blazed grating, (b) RCWA-simulated, and (c) ideal
linear phase distribution. Dashed lines correspond to common laser lines at 450 nm, 532 nm, and 632.8 nm shown in (d) for
linearized PLM phase levels and (e) an ideal linear 16-level grating.

Replacing four of the phase levels in the full 16-level pattern results in a significant
increase in the diffraction efficiency by 15.0% (from 69.4% to 84.4%) at 532 nm. Across the
entire visible spectrum, the behavior is similar to the non-linear case, but with increased
magnitude of efficiency.

The relationship between the peak diffraction efficiency and the full-width half-
maximum (FWHM) angular bandwidth is shown in Figure 7a for the nonlinear and forced
linear phase profiles. At any given angular bandwidth, the linearized profile performs
significantly better with respect to diffraction efficiency. Similarly, for the spectral response
presented in Figure 7b, there is a large drop in efficiency and no significant broadening of
the spectral bandwidth. With no angular or spectral benefits provided by the nonlinear pro-
file, the most linear profile (maximum R2) is the optimal profile for the blazed grating (i.e.,
the one with the highest diffraction efficiency) even if it contains fewer unique phase levels.

(a) (b)
Figure 7. Diffraction efficiency for linearized and nonlinear phase profiles with respect to (a) angular
bandwidth, and (b) wavelength at normal incidence.

4.2. Alternative Phase Distributions

When illuminating a blazed grating (Figure 1) at longer wavelengths, the phase profile
is effectively scaled due to the decrease in optical path length for the longer wavelength.
The resulting profile has a new blaze angle. To recreate the blaze angle of device at the
nominal wavelength, the form of the relative phase profile is scaled for a given wavelength
and mapped to the available phase states. Extra phase levels not used to map the scaled
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profile are truncated to maintain the grating period. This is shown in Figure 8 for 632 nm
and 905 nm illumination.

(a) (b) (c)

(d) (e)
(f)

Figure 8. (a) Scaled, truncated, and wrapped phase profiles modified for a 632 nm operating
wavelength, (b) simulated diffraction efficiency for phase profiles modified for 632 nm operating
wavelength, (c) simulated diffraction efficiency for phase profiles modified for a 632 nm operating
wavelength illuminated at 532 nm, (d) modified phase profiles for a 905 nm operating wavelength,
(e) simulated diffraction efficiency for phase profiles modified for a 905 nm operating wavelength,
and (f) simulated diffraction efficiency for modified profiles for a 905 nm operating wavelength
illuminated at 532 nm.

The truncated profile at 632 nm uses two fewer phase levels than the profile for the
nominal wavelength (532 nm). The diffraction efficiency profile is decreased by 2% at the
peak and is slightly broadened. Similar behavior is seen at 905 nm, but the decrease in
efficiency is more significant (6.4%) because the number of truncated phase levels was
increased to six. As more phase levels are truncated, the effective fill factor is reduced.

When the new truncated profiles are illuminated with the nominal wavelength, the de-
vice is no longer optimized and the diffraction efficiency at normal incidence is reduced by
9.6% at 632 nm and 40.4% at 905 nm, as seen in Figure 8c,f.

With the truncated phase profile, the diffraction angle remains consistent with what
is expected from the grating equation. For the case of a period of 16 mirrors at 905 nm,
the diffraction angle is 0.30°. The diffraction angle does change when the truncated phase
profile is wrapped due to a change in the grating period. Wrapping the truncated phase
profile recovers the diffraction efficiency and blaze angle of the original profile but increases
the diffraction angle from 0.21° to 0.26° for 632 nm and from 0.30° to 0.48° for 905 nm.

The high diffraction efficiency of 89% gives this PLM an advantage over traditional
DMD based SLMs that could only have 10% efficiency. The PLM is also capable of the same
tens of kHz refresh rate as the DMD, which will be an advantage over LCoS SLMs that are
limited to hundreds of Hz for nematic and a few kHz for ferroelectric [14]. Advances in
dual frequency liquid crystal (DFLC) materials have overcome the slow relaxation time of
traditional liquid crystals using materials with positive and negative dielectric anisotropy
depending on the frequency of the AC bias signal [15]. Using DFLCs, response times have
been reduced to submilliseconds, but still only support switching speeds of a few kHz and
require two separate AC frequencies to drive [16,17].

Other emerging solutions to the slow response time of LCoS devices typically in-
volve a combination of novel liquid crystal materials and/or metamaterials. Speeds up
to 170 kHz have been achieved using solid-state nanoresonator arrays, but spectral band-
width is limited to near resonance wavelengths and are often unable to provide full wave
modulation [18–20]. Stressed liquid crystal cells have been demonstrated with speeds
passing 10 kHz, but require a large driving voltage [21]. Stressed liquid crystals have not
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received much traction, likely due to the sensitivity of the manufacturing process [22].
While the PLM requires a complex fabrication process, it has been built on well-established
techniques and processes used for commercial DMDs for decades.

5. Conclusions

The diffraction efficiency of a MEMS-based PLM with a nonlinear distribution of
addressable phase levels was characterized for a blazed grating. The nonlinear distri-
bution of phase levels has a strong impact on the diffraction efficiency, which can be
mitigated to an extent by the how the ideal phase levels are mapped to the addressable
states. When linearized, the diffraction efficiency of the PLM increased by 15% for the
nominal wavelength.

At the tuned wavelength, the diffraction efficiency is maximum for a broad range
of incidence angles in between [−45°, +45°]. This is a suitable range for most projection-
based displays and could be improved for applications requiring large field of views
by cascading multiple devices. Additionally, increasing the mirror displacement range
would be an effective strategy to increase the diffraction at longer wavelengths, such as
the communication c-band, 1550 nm, and larger angles of incidence. As the wavelength
increases above the tuned wavelength, the phase is under-modulated and the diffraction
efficiency becomes narrower across angles of incidence. As the wavelength increases
further, the peak efficiency decreases. On the other hand, when the wavelength is decreased
below the tuned wavelength, the phase is overmodulated (>2π), and the peak diffraction
efficiency shifts away from normal incidence. The further away from the tuned wavelength,
the further the peaks shift. At 450 nm, the diffraction efficiency peaks are at ±41° with a
peak-to-valley of 18%.

For wavelengths that are larger than the maximum mirror displacement, we also
demonstrated that it is more favorable to scale the blaze profile—reducing the blaze angle
but keeping the grating pitch, rather than to truncate or to wrap the profile (keeping the
blaze angle but changing the grating profile).

Supplementary Materials: The following are available at https://www.mdpi.com/2304-6732/8/3/
62/s1.
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