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Abstract: The wavelength tuning properties of a tunable external cavity
laser based on multiplexed volume holographic gratings and a commercial
micromirror device are reported. The 3x3x3 cm® laser exhibits single mode
operation in single or multi colors between 776 nm and 783 nm with less
than 7.5 MHz linewidth, 37 mW output power, 50 ps rise/fall time constant
and a maximum switching rate of 0.66 KHz per wavelength. The unique
discrete-wavelength-switching features of this laser are also well suited as a
source for continuous wave Terahertz generation and three-dimensional
metrology.
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1. Introduction

The use of digital micromirror (MEMS) devices can offer both size and speed advantages in
the application of spectral tuning of external cavity lasers, when compared to current
mechanical actuators. The low mass of the micromirrors enables extremely rapid response,
and their small size provides ample opportunities for additional integration into compact laser
systems [1]. Several mode-hop-free tunable external laser architectures have been previously
proposed by Academic research teams with analog micromirrors, which provide a continuous
range of angular or linear motion in Littman [2] and Littrow [3, 4] implementations, leading
to a continuous wavelength sweep. Additionally, a continuously-tunable laser (based on a
MEMS electrostatic actuator in a Littman/Metcalf implementation) was developed
commercially for telecommunication at 1.5 micrometers [5]. However, analog optical MEMS
actuators are costly unless they are mass-produced. Consequently, all commercial widely
tunable lasers operating outside the telecommunication window (1.5 pm) use bulky
mechanical actuators that compromise both speed and integration.

An interesting approach reported by Breede et al. [6, 7] is to make use of inexpensive
digital micromirrors, such as those found in DLP (digital light projector) display elements
(e.g.Texas Instruments), in order to spectrally tune a laser. In their implementation, a lens
transforms the spectrum (angularly spread by a diffraction grating) into a spatially spread
spectrum at the Fourier plane of the lens. Unfortunately, the combination of the finite pixel
size of DLP micromirrors (10-15 pm) and the reported long focal length (150 mm) of the lens
necessary to spread the spectrum make it impossible to obtain single mode operation of the
laser. The compactness of the laser system is also compromised since the length of the laser
becomes at least twice the focal length of the lens.

Here, we demonstrate a tunable laser implementation with a micromirror array that
provides for both single mode operation (with either single line or multi-lines), and a very
compact overall size: 3x3x3 cm?®. This approach can enable new, portable, low-cost photonic
systems in a variety of applications, including discretely tunable continuous wave Terahertz
generation via difference frequency generation. This has applications in bio-medical imaging
[8-11], imaging of hidden illicit drugs [12], and industrial imaging [13], among many others.

The manuscript is organized as follows:

* Section 2: Architecture of the external cavity laser

* Section 3: Discussion of the wavelength selective element of the external laser cavity.
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* Section 4: Description of the digital micromirror array.
* Section 5: Laser wavelength tuning results
« Section 6: Potential capabilities of the technology

2. Laser external cavity architecture

The laser external cavity is based on a degenerate self-aligned cavity with a volume
holographic grating as the wavelength selective element [14]. The set-up is illustrated in Fig.
1.

Primary Beam
p-pol¢ (s-pol.)
L1 pBs '™ vHe '/4/
LD ‘ ::_]?j”:\;
[ S
L2

S| ﬁ Micromirrors

“OFE” “ON” “OFF”

Fig. 1. Tunable laser cavity implemented with a micromirror array with two discrete
wavelengths represented by the red and blue paths reflected from the VHG. LD: laser diode,
VHG: volume holographic grating, PBS: polarizing beam-splitter, A/4: quarter-wave plate

The p-polarized beam from the laser diode LD (Eagleyard) is collimated by lens L1 and
propagates through the polarizing beam splitter PBS. The reflective volume holographic
grating VHG of length t operates in the Bragg regime and diffracts a specific wavelength of
the beam at a specific angle. The diffracted beam is s-polarized after a double pass through
the quarter-wave plate A/4. The diffracted s-polarized beam is then reflected by the PBS
towards a second lens L2 that focuses the beam onto an array of micromirrors placed at the
focal plane of lens L2. The back facet of the laser diode LD and the micromirrors form the
resonant cavity (the front facet of the laser diode is anti-reflection coated with reflectivity
R<107%). For a suitable orientation of the micromirror (shown as the middle mirror in Fig. 1
for illustration purposes) the beam is retroreflected. The retroreflected beam is then re-
collimated by lens L2, reflected by the PBS and incident on the VHG at precisely the same
angle it was first diffracted. This produces a second diffracted beam that is exactly counter-
propagating with the initial collimated beam. A second pass through the quarter-wave plate
M4 restores the polarization to p that is transmitted through the PBS and focused into the laser
diode. The output coupler of the cavity is the VHG. The undiffracted beam, i.e zero order, is
the output beam of the cavity. This resonant cavity is self-aligned because it is independent of
the spatial and angular position of the wavelength selective element (VHG). In practice, the
angular alignment of the mirror array is insensitive to within several degrees. The axial
distance sensitivity is of the order of the rayleigh length of the focused beam [14].
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3. Wavelength selective component: volume holographic grating

The VHG is multiplexed, i.e. the element contains superimposed volume phase gratings in the
bulk. Each individual grating has a specific period A and orientation given by the slant angle
¢. Two multiplexed gratings are shown schematically in Fig. 2 for illustration. The diffracted

output angle 6, is related to the input angle &, by the relation: sing,, =siné, —Aisin(p
‘n

VHG

()lﬁ2

Fig. 2. Multiplexed reflective volume gratings

The multiplexed VHG therefore produces multiple diffracted beams from a multi-
wavelength input beam, with each diffracted beam having a specific wavelength and output
angle. These two parameters can be designed arbitrarily by changing the grating period and
slant angle during the recording of the grating.

The diffracted output beam angle is mapped onto a linear position in the focal plane of
lens L2 at the location of the micromirror array. For small diffracted angles Gy, i=1...N, N
being the number of multiplexed gratings, the lateral position Ax in the focal plane is equal to
feOou i, Where f is the focal length of lens L2. A multiplexed volume grating was fabricated in
a photothermal glass [15-17], with the parameters shown in Table 1.

Table 1. Functional Parameters of the Fabricated Multiplexed VVolume Holographic

Grating
Grating # Wavelength Slant ¢ Diffraction Diffraction Lateral position at
angle Ot efficiency focal place Ax
[nm] [deg] [deg] [%] [um]
1 783.48 -0.17 —0.501 50+ 5 —54.6
2 780.08 —0.02 —0.048 50+5 -5.2
3 778.43 0.06 0.182 50+5 19.8
4 776.73 0.14 0.408 50+ 5 44.4

Note that the choice of multiplexed wavelengths was purely arbitrary. Any combination of
wavelengths could have been multiplexed with the same physical separation of pixels on the
DLP.
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4. Micromirror array

A DLP micromirror array 1264 x 768 from Texas Instruments was obtained from a
commercial projector. The mirror pixel size was not specified but was estimated to be 10 pm
X 10 um. The DLP is connected to the board by a flexible cable, which enabled alignment of
the DLP in the laser cavity. The micromirrors were activated by sending a binary image to the
DLP through a control board. The individual pixels of the binary image determine the “on” or
“off” state of the corresponding micromirrors.

Figure 3(a) shows the orientation of the micromirrors when a “black” image was presented
to the DLP and Fig. 3(b) shows the orientation of the micromirrors with a “white” image.
Only binary images were used in order to maintain the mirrors in one of the two states (i.e +
12 degrees for “off” and —12 degrees for “on”).

I 3 i
7 ol

a) b)

Fig. 3. DLP micromirror array. (a) top “black” image displayed to DLP corresponding to
micromirrors oriented at + 12 degrees from the normal: “off” state. (b) top “white” image
corresponding to micromirrors oriented at —12 degrees from the normal: “on” state

The plane of deflection of this DLP is the plane formed by the normal to the micromirrors
and one side of the DLP array. The DLP array was placed at the focal plane of lens L2 at an
angle of —12 degrees such that the micromirrors are normal to the optical axis of the focusing
lens and thus contributing optical feedback.

According to Table 1 (see lateral position at focal plane), the separation of the four
wavelengths on the DLP array spanned 100 micrometers, or 10 pixels. The shortest separation
between two wavelengths is therefore equal to 2 pixels. The reflectivity of the DLP, including
the protective glass plate was 60% at 780 nm so the amount of feedback into the laser is
approximately 15% for each selected wavelength.

5. DLP laser experimental results

A prototype switchable laser with the VHG and DLP was assembled. A picture of the
assembled laser is shown in Fig. 4. All components except the DLP are mounted on a 20 mm
x 20 mm thermoelectric cooler (TEC) so that temperature was controlled to within 0.04°C.
The multiplexed VHG was mounted on a rotation system, whose pivot point is shown in Fig.
4. Rotation of the VHG provided fine wavelength tuning of 0.4 nm for 2 degrees rotation as
the graph in Fig. 4 illustrates. Fine wavelength tuning was discontinuous because of the voids
between the micromirror pixels: at the void, there is no feedback and thus no laser output.
Due to the high fill factor of the array, 90% of the angle range between 0 and 2 degrees
yielded a lasing external cavity.
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Fig. 4. Picture of the assembled DLP wavelength tunable laser and fine wavelength tuning by
angle for the 780 nm line.

Figure 5 (a-d) shows the results of the tests. Each figure comprises the laser spectrum
(EXFO/Burleigh WA1500), the binary image displayed on the DLP (top right) and the output
beams (bottom right). The primary output beam is the bright spot in the image. The fainter
spot is the secondary output beam, which is obtained after double diffraction off the VHG.
The direction of the secondary output beam depends on the wavelength, whereas the direction
of the primary output beam remains constant. In each figure (a-d), the abscissa of the “white”
line, in the image presented to the DLP (top right), increases successively. The pixels forming
the “white” line in the image displayed to the DLP correspond to the activation (“on”) of the
corresponding line of pixels in the micromirror array.

The laser oscillated with a stable, single mode for each of the 4 wavelengths. The
linewidth was measured with a scanning Fabry-Perot etalon (Thorlabs SA-200-6A). The
linewidth measurement was limited by the resolution of the instrument to 7.5 MHz.

File Edt lmegs Cptions View

776.7310 :
a) b)

Vecuam ] Shit ]

e

780.0770 = \ 783.4828
c) d)

Fig. 5. Wavelength switching results of the prototype: (a-d) laser spectrum, displayed image on

the DLP (top right), primary and secondary output laser beams (primary = bright spot).
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When multiple pixels of the micromirror array, corresponding to different wavelengths,
were switched “on”, the laser operated multi-line, however each laser line operated in single
mode (Fig. 6).

Fle EQl Image UpUONS  View

300 x 200X 8BPP 5/6 100% | 117KB /S

Vacuum [nm)

783.4774

Fig. 6. Multi-line operation while maintaining single mode for each line

Shiit [nm)

At maximum current, the output power in the primary beam reached 37 mW. A graph
showing optical power versus input current for the 780 nm line is shown in Fig. 7. The kinks
in the curve represent single mode hops.
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Fig. 7. Optical power versus current for the 780 nm line at 25°C.

The laser was driven at 83 mA for all subsequent measurements, well below the maximum
current in order to avoid unwanted potential damage.

5.1 Wavelength switching dynamics

The wavelength switching dynamics of the laser were investigated by monitoring the power
of the secondary output beam with a photodetector while the laser was switched between two
wavelengths. Two photodetectors were used to detect the secondary output beams, one for
each wavelength. The internal pulse width modulation (PWM) of the DLP was used in this
experiment to dither the “white” lines of pixels.

[Note: PWM is used by the projector (from which the DLP has been extracted) to display
colors. The full color refresh cycle of the DLP is approximately 7.5 ms. Within each cycle,
the DLP can display 5 successive colored images. Therefore the time between wavelength
switching is 1.5 ms, corresponding to one fifth the full DLP refresh rate (7.5 ms).]
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Figure 8 shows that the dynamics of the power in the secondary beams (hence also in the
primary beam) followed an exponential rise and fall with a time constant of 50 ps. At time t =
0 s, the micromirror corresponding to the 776 nm line was switched “on,” while the
micromirror corresponding to the 780 nm line was switched “off”. At time t = 1.5 ms the
reverse switching occurred. The characteristic rise and fall time is caused by the mechanical
response time of a micromirror upon switching between two states.

0.10 T T T T
—e— toggle 780 nm
—e—toggle 776 nm
0.08 == 50 pus exponential rise and fall time fits
5 0.06
B
£ 0.04
£
0.02
0.00
-500 0 500 1000 1500 2000
time [us]

Fig. 8. Wavelength switching dynamics.

After 185 pus, the output power of the laser reached 99% of its maximum power.
Therefore, the maximum switching rate of the laser is 1/1.5 ms = 0.66 KHz, and 185 ps is the
time necessary to fully switch on or off a wavelength.

At maximum switching rate, the laser responded very well as Fig. 9 illustrates.

0.10

L)
toggle 780 nm
toggle 776 nm

\ :
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|

¥

S 0.06 : 4 ;
=
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Fig. 9. Switching between two wavelengths at maximum switch rate of 0.66 kHz.
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5.2 Wavelength switching repeatability

The repeatability of the absolute wavelength after multiple switching events was investigated.
The power of the primary beam was measured by a wavelength meter (Coherent
Wavemaster®) over a 4-second period (the necessary integration time of the instrument).
Then, the laser was switched to a different wavelength and another 4-second period was held
for measuring the wavelength. The process was repeated for multiple cycles. To illustrate this
methodology, the left side of Fig. 10 shows the results of the measurement over a few initial
cycles, with long term performance shown on the right. Channel 1 showed multiline operation
for a short time (gap in data).

2250

number of 4 second hold and 50 ns switch cycles number of 4 second hold and 50 ns switch cycles
150 153 156 159 162 165 0 750 1500
T T T T
783.50 - 1 783.50 * Channel 3
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Fig. 10. Absolute wavelength measurement of switched wavelengths.

The measurement was run over a 2.5 hour period, representing ~2300 switching cycles.
The results of this test are shown in Table 2. Standard deviation was calculated for single line
measurements (thus excluding the gap in single line data in channel 1). Although the standard
deviation increases with increasing wavelength, it is believed to be coincidental.

Table 2. Long Term Wavelength Performance of Wavelength Switching Operation.

Average wavelength [nm] Standard deviation [pm]
Wavelength 1 776.749 0.5
Wavelength 2 780.094 15
Wavelength 3 783.492 23

As a baseline comparison, when the laser is operated at one wavelength without switching,
a wavelength drift of ~+/— 1 pm is observed due to the thermal and current fluctuations. Thus,
this performance demonstrates that the wavelength switching operation does not impact the
absolute wavelength, when temperature and current fluctuations are taken into consideration.
This is a remarkable result, demonstrating the excellent repeatability of the switching
function.

6. Prospects

In this section, we discuss the envelope of tunable laser parameters that could be realistically
obtained by pushing the technology, and its potential for use in THz applications.

One of the limiting factors in this tunable laser architecture is the number of gratings that
can be multiplexed in a bulk photothermal holographic glass, since the number of multiplexed
gratings corresponds to the number of discrete laser frequencies that could be accessed.
Experimentally, the minimum diffraction efficiency of each grating was determined to be at
least 25%, in order to provide sufficient feedback to the laser after double diffraction (50%
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grating efficiency was used in the experiments, although 25% would have been also possible).
The maximum refractive index contrast and the grating length determine the maximum
number of multiplexed gratings that can be recorded, and thus the maximum number of
switchable wavelengths in the laser. The index contrast 4n of each individual grating recorded
sequentially is equal to 4n = An,/N, where N is the number of multiplexed gratings and 4n, is
the saturation value of index contrast. For a thick phase reflection grating, the diffraction
efficiency is given by [18]:

nztanhz[”'A”'t)

where t is the length of the grating and A the wavelength. The saturation refractive index
change is 4n, = 1.5E-3. However, the saturated refractive index change introduces high
scattering losses in the near infrared. At 780 nm, the maximum index of refraction change that
provides less than 10% loss due to scattering is approximately 8E-4. This value is smaller
than the maximum saturation refractive index change of the glass holographic material. Under
this condition we can assume that the local refractive index change is proportional to the local
light intensity. The modulation degree of the intensity pattern is therefore equal to the
modulation degrees of the refractive index patterns.

A minimum grating length of approximately 3 mm is required to obtain single mode
operation. The index of refraction modulation required to obtain an efficiency of 25% with t =
3 mm can then be computed from the diffraction efficiency relation above, which yields 4n =
4.5E-5. Thus, the expected maximum number of multiplexed gratings with 25% efficiency is
AM = 8E-4/4.5E-5 = 17 for a grating of 3 mm in length. By scaling the length t of the grating,
the number of lines (i.e. wavelengths) can be further increased. For example, a VHG with 5
mm length could provide 29 multiplexed gratings, and a 6.2 mm long VHG could provide 40
multiplexed gratings, each with 25% efficiency.

A second potential limitation of this architecture is related to the focusing lens L2 in Fig.
1. If the incidence angle of the diffracted beam on lens L2 is too large, then the beam reflected
by the micromirror will clip the aperture resulting in a low optical feedback and unstable laser
operation. An estimate of the maximum incidence angle is given by Fig. 4, which shows that
up to 2 degrees deviation from the lens optical axis provides adequate feedback for single
mode operation. Therefore, the maximum angular span is 4 degrees (+/-2 degrees). The
minimum physical separation at the focal plane of lens L2 is constrained by the pixel size,
which is 10 pm for the DLP micromirror array in the experiment. In terms of angular
separation at lens L1, this translates to 0.065 degrees. Thus, the maximum number of
wavelengths limited by the focusing length L2 is approximately 60 (4.0/0.065).

As mentioned in the introduction, this tunable laser possesses the required features for an
efficient, fast, discrete-frequency-swept Terahertz source. The efficiency of photomixing for
Terahertz generation is most favorable when two colors emitted from the same laser operate
in single mode and are synchronous [6, 19, 20]. The number of discrete Terahertz frequencies
that can be generated by this single tunable laser is computed by counting the number of
unique two-wavelength combinations in a series of M wavelengths. The total number of
possible discrete Terahertz frequencies given a tunable laser with M discrete wavelengths is
0.5*Me (M-1).

The minimum Terahertz frequency is determined by the minimum spectral separation
between two wavelengths, i.e the bandwidth of the VHG. Table 2 below gives the tunable
laser parameters that can be obtained for different grating lengths t. The sweeping time for
spanning the spectral range is given by the product of the number of discrete Terahertz
frequencies and the minimum switching time of the DLP (1.5 ms).
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Table 3. Summary of Expected Laser Characteristics Based on Different Volume Grating

Lengths.
VHG Maximum # # discrete THz Minimum THz frequency Sweeping
length (t) wavelengths (M) frequencies generated by one laser time
mm GHz ms
3 17 136 40 204
5 32 406 29 609
6.2 40 780 19 1170

For Terahertz imaging applications, the spectral range of interest is from 100 GHz to
several THz. In practice, for low power lasers, the maximum Terahertz frequency that can be
generated is determined by the bandwidth of the semiconductor photomixer which is currently
limited to about 2 THz @ —3dB. Progress in advanced materials for photomixing might
promises larger bandwidth. For comparison, the gain bandwidth of the semiconductor laser is
14 THz. The spectral range for imaging applications can therefore be achieved with the
proposed single tunable laser.

For high-resolution Terahertz spectroscopy applications, Gigahertz resolution is desired
[21, 22]. Although Gigahertz resolution cannot be practically achieved with the single tunable
laser proposed, it would be possible to reach Gigahertz resolution by photomixing two lasers,
one of which (or both) is the proposed discretely tunable laser. Further, this solution provides
more frequency agility over current commercial high-resolution Terahertz systems using two
thermally tuned DFB lasers that utilize continuous wavelength tuning [23, 24]. The proposed
laser can access any sequence of discontinuous frequency points, in any order, without
needing to tune continuously in a sweep from one frequency to the other thus avoids tuning
across undesired frequencies. The DLP laser settling time is also small compared to the
acquisition/detection time between switching (0.185 ms vs 1.5 ms), whereas the effective
acquisition time at fixed frequencies for thermally tuned systems is dependent on the
wavelength tuning speed.

Additional applications for the use of this fast discrete tunable source include three-
dimensional imaging with digital holography [25, 26].

7. Concluding remarks

We have successfully demonstrated a prototype compact tunable laser, which produced single
and multi-line operation in the near infrared with 37 mW output power while maintaining
single mode output. The discrete wavelength switching capability uses a DLP micromirror
array that has a turn on/off time constant of 50 us and switching rate of 0.66 KHz. The
prototype laser has a size of 3x3x3 cm®. This combination of features in a single compact
laser is unique and enabled by the multiplexed volume grating and a digital DLP micromirror
array.

Features such as dual line single mode operation from a single laser, high power, fast
tuning and sub-100 GHz frequency difference, in a compact form factor has, to the authors’
knowledge, not been possible with other existing technologies. The characteristics of this
laser are well suited for generating continuous-wave tunable Terahertz radiation with a single
laser for imaging applications, and three-dimensional imaging with digital holography.
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