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High-brightness laser imaging with 
tunable speckle reduction enabled 
by electroactive micro-optic 
diffusers
Hamid Farrokhi1,2, Thazhe Madam Rohith1, Jeeranan Boonruangkan1, Seunghwoi Han3, 
Hyunwoong Kim  3, Seung-Woo Kim  3 & Young-Jin Kim  1

High coherence of lasers is desirable in high-speed, high-resolution, and wide-field imaging. However, 
it also causes unavoidable background speckle noise thus degrades the image quality in traditional 

microscopy and more significantly in interferometric quantitative phase imaging (QPI). QPI utilizes 
optical interference for high-precision measurement of the optical properties where the speckle can 

severely distort the information. To overcome this, we demonstrated a light source system having a 
wide tunability in the spatial coherence over 43% by controlling the illumination angle, scatterer’s size, 
and the rotational speed of an electroactive-polymer rotational micro-optic diffuser. Spatially random 
phase modulation was implemented for the lower speckle imaging with over a 50% speckle reduction 
without a significant degradation in the temporal coherence. Our coherence control technique will 
provide a unique solution for a low-speckle, full-field, and coherent imaging in optically scattering 
media in the fields of healthcare sciences, material sciences and high-precision engineering.

High-speed and high-resolution optical imaging through scattering optical media, e.g. biological tissues, plas-
monic nanoparticles, and non-ideal optics with surface roughness or contamination, has been highly requested 
in the �eld of biological science, material science, medical diagnosis, and precision engineering. �ese commonly 
require a high brightness light illumination over a wide �eld-of-view, which can get bene�ts by introducing 
coherent lasers as the light source. However, the random scattering in imaging systems caused by coherenet laser 
�eld works as the primary obstacle for the optical imaging. It is because the coherent artifacts, such as speckle, 
di�raction, and intensity overshoot around the edges, degrade the image quality severely in both tradiational 
non-coherent imaging and coherenent quantitative phase imaging (QPI). In QPI, optical interference, enabled 
by the high degree of coherence of the lasers, superimposes unwanted background speckles so signi�cantly hin-
ders the successful phase reconstruction1–6. �us, extensive research works on coherence control of light sources 
have been addressed1–24. �e coherence can be split into two, the temporal and spatial ones. �e temporal coher-
ence, which is the prerequisite for the optical interferometry, causes unwanted scattered or di�racted beams from 
dusts, particles, roughness, or defects on the surface of optical components and makes them to interfere with the 
measurement beam; this usually generates stationary low-frequency noises in the spatial domain. On the other 
hand, the spatial coherence, required for the interferometric imaging over a large �eld-of-view (FOV), causes 
high-frequency speckle noises, which degrade overall image quality and measurement precision7,8. For the best 
biomedical laser imaging without speckle, di�raction, and edge e�ects, there have been considerable research 
works conducted to suppress the speckle noise in interferometric imaging1–24.

�ermal light sources (halogen, xenon, and mercury lamps) and light emitting diodes (LEDs) have been 
widely used as the partially coherent light sources a�er the spatial �ltering through a small-diameter pinhole 
(∼5–50 µm); spatial �ltering provides a higher spatial coherence so enables the formation of higher visibility 
interferograms over a larger FOV. However, this improvement in the spatial coherence is accompanied by severe 
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optical power attenuation (from several W to a few mW). �erefore, a bright coherent laser illumination with 
suppressed coherent artifacts is highly requested for e�cient optical imaging of light-sample interaction in opti-
cally turbid media having micro/nano scatterers inside. Previous studies for speckle noise control are summarized 
in Fig. 1, with the speckle contrast level (related to spatial coherence) as the horizontal axis and the photon degen-
eracy (related to temporal coherence and brightness) as the vertical axis. High photon degeneracy (δ), the number 
of photons per a unit coherence volume, is crucial for an e�cient light-sample interaction hence fast and precise 
measurement. Coherent photons from di�erent volumes cannot interfere with one another so do not generate 
speckles; therefore, a light source with many bright coherence volumes enables speckle-free sensitive imaging 
over a large FOV. In this point of view, the limitations of low-coherence light sources and coherent lasers are clear. 
Low-coherence light sources su�er from the small number of photons per coherence volume (low photon degen-
eracy) as shown as T, SFWL, and LEDs in Fig. 1. On the other hand, conventional lasers having a large number 
of photons per unit volume (high photon degeneracy) generate unexpected coherent artifacts as shown as NBL 
in Fig. 1. �ese are the two extreme cases located in the le� bottom (T, SFWL, and LEDs) and right top (NBL) of 
the Fig. 1. As the alternatives to the low-coherence light sources, broadband laser-like sources, such as ampli�ed 
spontaneous emission (ASE) sources and super luminescent laser diodes (SLDs) have been adopted20 as shown 
as ASE in Fig. 1; however, they still preserves a high-level spatial coherence so coherent speckles cannot be su�-
ciently reduced21. In order to suppress the e�ective spatial coherence of the conventional lasers, rotating optical 
di�users16, colloidal solutions17, micro electro-mechanical mirrors18, or chiral nematic liquid crystal di�users19 
have been introduced to the illumination path; these techniques, however, requires mechanical moving parts 
generating vibration noise or a longer acquisition time, which mitigates the advantages (See CNLC in Fig. 1). 
�e concepts of random lasers21,22, and degenerate laser23, were recently demonstrated as the promising means to 
generate an intermediate degree of spatial coherence as shown as RL and DGL-PD (6 mm and 120 µm) in Fig. 1; 
however, they can be realized with a high lasing threshold, a low collection e�ciency, a large footprint, and a high 
cost. Because the scattering environment di�ers in each biomedical imaging application, the ideal light source 
for the best imaging should have active tunability in the coherences, which has remained as a di�cult task to be 
resolved. At the same time, it should be realized in a simple, cost e�ective, high-speed, and vibration-free manner.

In this investigation, we report a simple, stable, vibration-free, cost-e�ective, and tunable approach to control 
the laser coherence for e�cient speckle reduction in quantitative phase imaging. �is was realized by actively 
tailoring the spatial coherence of coherent continuous-wave (CW) lasers via a combination of static and moving 
electroactive polymers having a large number of micro-optical scatterers (10, 30 and 100 µm) on it, which enables 
high-speed wavefront control of the incidence laser beam. �e proposed method reduced the background speckle 
noise by 50% over the full FOV, while decreasing the speckle contrast in coherent imaging under a highly scat-
tering media from 0.99 to 0.49. �is will enable a high brightness, high speed, high sensitivity, and quantitative 
bio-medical and material imaging over a large FOV.

Figure 1. State-of-the-art light sources for optical imaging; classi�ed by photon degeneracy and speckle 
contrast level. ‘Investigation zone’ indicates the tunable temporal and spatial coherence area demonstrated 
in this investigation. NBL: narrowband laser21,30, BBL: broadband laser21,29,31, ASE: ampli�ed spontaneous 
emission21,22, RL: random laser21,22, LEDs: light emitting diodes21,30,32, T: thermal sources21,30,32, SFWL: spatially 
�ltered white light21,28,30,32, DGL: degenerate laser with pinhole inside the cavity23, CNLC: chiral nematic liquid 
crystal19, LD w/wo SD/MD: a laser diode with and without a static di�user (SD) and a moving di�user (MD) 
with a speci�c di�usion angle (DA).
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Results and Discussion
Speckle Noise Reduction in Laser Imaging by Electroactive Micro-Optic Diffusers. High degree 
of coherence, on the other hand, accompanies unexpected background speckles across overall image so causes a 
severe information loss in imaging as shown in Fig. 2a. Coherent speckle induces a large phase �uctuation in the 
spatial domain but this speckle e�ect can be far suppressed by tailoring the illumination wavefronts to the target 
specimen; a representative method for the speckle reduction is shown in Fig. 2b. By controlling the incoming 
wavefronts over time, the coherent speckles in the spatial domain can be averaged out during the CCD exposure 
time in the time domain. Multiple coherent beams with di�erent propagation vectors are focused to the sample 
so the scattered and di�racted wavefronts can be washed out. In order to realize this concept with parametric 
tunability, we introduced an electroactive optical di�user having a large number of oscillating scattering particles  
(at 300 Hz) on the transparent rotating base. An electroactive optical di�user comprises of a static di�user (SD) 
and a rotationally moving di�user (MD) with a speci�c di�usion angle (DA). By controlling the particle size, sur-
face density, and rotation speed, the background speckle level and spatial coherence can be tuned (particle size: 
10, 30, and 100 µm; surface density: 128, 42, and 13 particles per mm2). Figure 2c shows the conceptual diagram of 
the spatial coherence control using an electroactive micro-optic di�user. Because the di�user rotates and scatters 
the impinging collimated laser beam (λ1, k1), any single point on the sample experiences a time-varying phase 
modulation with di�erent propagation vectors (λ1, k1 ∼ kN). �erefore, any point on the image plane will experi-
ence the random walk of time-varying �eld amplitudes and phases. As the result, the speckle intensity at a point 
on the image plane varies with time. Because an image sensor (i.e. CCD) captures an image over an exposure 
time, if the phase modulation is fast enough (much faster than the sensor’s exposure time), the intensity variation 
due to the phase modulation can be e�ectively averaged out on the imaging sensor. For the non-mechanical 
rotation of the scatterers, the dielectric elastomer actuator (DEA) was used as the rotational mechanism. �e four 
independent electrodes are installed to obtain the rotational motion as shown in Fig. 2c. Under the activation, the 
electrodes make the elastomer �lm around them to expand by the electro-static force so push the particles to the 
other direction. A smooth rotational motion can be attained by making the four electrodes (as shown as E1, E2, 
E3 and E4 in Fig. 2c) have the same amplitude and frequency but with a relative phase delay of 90° in between.

Figure 2. Electroactive optical di�user for low-speckle laser imaging. (a) Spatially coherent illumination with 
well-de�ned wavefronts causes strong background speckle. (See a position-dependent spatial phase variation 
along a horizontal white dash line). (b) Temporal wavefront control over time averages out the coherent 
speckles in the spatial domain. (See a time-dependent phase variation at a CCD pixel). (c) Conceptual image of 
speckle reduction using an electroactive optical di�user, with four electrodes (E1, E2, E3, and E4) for rotational 
di�usion angle control. OD: optical di�user and L: lens.
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�ree optical di�users having di�erent particle sizes were selected for this investigation, di�user-1: DA = 1°, 
di�user-2: DA = 6°, and di�user-3: DA = 12° (Refer to the detailed speci�cation in Table 1). A di�user can 
be regarded as a numerous number of small point sources placed in the illumination path which di�racts the 
impinging beam. Smaller particle size increases the di�raction angle from the micro-structures. In combination 
with the temporal phase averaging e�ect, a spatially extended incoherent source realized by a larger di�raction 
angle makes the spatial coherence decrease, as described by the van Cittert-Zernik theorem7. �is results in a 
large number of uncorrelated speckle patterns, which lowers the speckle noise. In other words, smaller structural 
size makes a larger number of phasors that independently �uctuate with random phases; this eventually average 
out with each other over the exposure time. �erefore, the number of point sources per unit area (N) contributing 
to the sample illumination is determined by the spot size on the di�user; when N-point sources contribute the 
illumination, the speckle contrast decreases by a factor of N−1/2. �e degree of reduction improves by installing 
additional di�users in the illumination path. Here, double-di�user con�guration was used by installing one SD 
and one MD.

Speckle Reduction in Non-Coherent Bright-Field Laser Imaging. To demonstrate the low spatial 
coherence of a continuous wave (CW) laser under the proposed speckle reduction method, a comparative exper-
iment was carried out with and without the optical di�users as well as a broadband halogen lamp source, as an 
ideal source for speckle-free imaging. Imaging tests were conducted in transmission mode under Kohler illumi-
nation, as shown in Fig. 3a. As the �rst step, no imaging object was installed on the object plane for the back-
ground check; thus, the light from the source passes through a highly scattering �lm (DG10-600-MD, �orlabs) 
and directly imaged on the CCD. �e background speckle images taken with �ve illumination conditions are 
shown in Fig. 3b–f. For quantitative comparison, for each case, we calculated the speckle contrast of the image 
and also the standard deviations (SD) of the intensity line pro�le. �e speckle contrast, C, was calculated as 

=C SD I/I , where SDI is the standard deviation of the intensity, and I is the average intensity for each image. In the 
case of broadband Tungsten-Halogen light source, the speckle noise was imperceptible, which was quanti�ed to 
the speckle contrast of 0.07 and SD of 0.01 (See Fig. 3b). When a high-brightness CW laser was used as the light 
source, serious coherent speckles were detected as shown in Fig. 3c, providing the speckle contract of 0.99 and SD 
of 0.15. To avoid the CCD saturation, the overall intensity was intentionally attenuated. For best quality imaging, 
the coherent background speckle noise in laser imaging should be far suppressed so that clear images can be pro-
vided with a high brightness of the laser illumination. Figure 3d–f show the images under the tunable speckle 
reduction by introducing the optical di�ers in the illumination path. �e speckle contrast decreases as the DA of 
the di�user increases, from 0.99 without the di�users to 0.83, 0.57, and 0.49 with increasing di�usion angle; SD 
decreases from 0.15 to 0.12, 0.09 and 0.07 in the meantime. By controlling the particle size and DA of the optical 
di�users, we were able to tailor the spatial coherence down hence the speckle contrast.

In order to demonstrate the improved image quality with the speckle reduction, a 1963A US Air Force (AF) 
resolution test chart was imaged under the �ve illumination conditions as shown in Fig. 4. �e scattering �lm 
was placed on the illumination side of the AF chart to simulate the random particles in the optical microscope 
systems, such as biological tissues, plasmonic nanoparticles, and non-ideal optics with surface roughness or con-
tamination. �e optical con�guration in Fig. 4a is equivalent to imaging system for the rough surfaces8. Under 
the spatially coherent CW laser illumination, the complicated background speckle patterns overlaps with the AF 
chart image as shown in Fig. 4b; even with the high brightness of CW lasers, this severe image contamination has 
hampered the wide use of CW laser as the light source for the optical imaging with scatters inside. With the aid of 
the optical di�users, the speckle noise was far suppressed so cleaner object images could be recorded as shown in 
Fig. 4c–e; as DA increases, the quality of the images improves, which was quanti�ed in SD from 0.26 to 0.11, 0.07, 
and 0.05. Although the image is still cleaner in the case of using the broadband halogen lamp as shown in Fig. 4f, 
note that a CW laser provides a highly bright illumination and a high temporal coherence which can be used for 
optical interferometry.

Speckle Reduction in Laser Interferometry for Quantitative Phase Analysis. In this investigation, 
we are trying to reduce the coherent speckles with the aid of optical di�users. However, coherence is highly 
important in quantitative studies of cellular and material properties using optical interferometry. For example, the 
detailed cellular properties such as height, volume, homogeneity, cytoplasm’s distribution, and vibrational modes 
can be determined using QPI using a CW laser as the light source. �erefore, we tried to check whether the coher-
ence can be still preserved even under the proposed speckle reduction. Young’s double slit experiment was intro-
duced here, which is a well-known method for characterizing the spatial coherence of the light sources. For the 
purpose, a double slit was fabricated with 10 µm width and 50 µm separation (See Fig. 5a) by the focused-ion-beam 
process at a 150-nm thick gold thin-�lm on top of a single crystal sapphire substrate. A 15-nm thin titanium layer 

SD/MD, DA = 1° SD/MD, DA = 6° SD/MD, DA = 12°

Particle size (µm) 100 30 10

Particle surface density (for single di�user) (#/mm2) 13 42 128

Di�usion angle of each di�user 0.7° (MD) 0.7° (SD) 4.2° (MD) 4.2° (SD) 8.5° (MD) 8.5° (SD)

Di�usion angle of the overall di�user (SD/MD) 1° 6° 12°

E�ective aperture (mm) 5 5 5

Table 1. Speci�cation of scattering �lms used for speckle reduction.
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was located between the gold and sapphire as the adhesive layer; chemical vapor deposition was used to coat the 
gold by titanium layers. Light from a CW laser transmitted through the optical di�user and then collimated by a 
plano-convex lens (See Fig. 5b). �e collimated beam was incident on the double slit and the resulting two dif-
fracted beams propagated though the free space, which is long enough for the far-�eld Fraunho�er di�raction. 

Figure 3. Speckle reduction by introducing optical di�users in illumination path. (a) Optical con�guration. 
Scattering �lm was imaged with �ve di�erent illuminations, by (b) white light (WL), (c) a CW laser, (d) a CW 
laser, with a static di�user (SD) and moving di�user (MD) in the illumination path with a di�usion angle 
(DA) of 1°, (e) a CW laser, SD/MD, DA = 6°, and (f) a CW laser, SD/MD, DA = 12°. �e intensity line pro�les 
and standard deviation (SD) of the images are shown below. LD: laser diode, L: lens, OD: optical di�user, SF: 
scattering �lm, O: objective lens, and CCD: charge coupled device.

Figure 4. Speckle reduction in optical imaging. (a) Optical con�guration. 1963A test chart was imaged with 
a scattering �lm under �ve di�erent illuminations, (b) a CW laser, (c) a CW laser, with a static di�user (SD) 
and moving di�user (MD) in the illumination path with a di�usion angle (DA) of 1°, (d) a CW laser, SD/
MD, DA = 6°, and (e) a CW laser, SD/MD, DA = 12°, and (f) white light (WL). �e intensity line pro�les 
and standard deviation (SD) of the images are shown below. LD: laser diode, L: lens, OD: optical di�user, SF: 
scattering �lm, AF: air force test target, O: objective lens, and CCD: charge coupled device.
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�e two di�racted beams made interference at a CCD as shown in Fig. 5b. �e visibility of the interference pattern 
at the CCD provides a measure of the spatial coherence. For comparison, we �rst measured the spatial coherence 
of the broadband light source (Tungsten-Halogen light source) as the reference as shown in Fig. 5c. �en, the 
spatial coherence of a CW laser under the speckle reduction by di�erent optical di�users were evaluated as shown 
in Figs. 5d–g. �e visibility of the interferogram shows the spatial coherence of the light source, whereas the broad 
envelope in the shape of sinc2 function is dominated by the di�raction due to the �nite slit width. For quantitative 
description of the spatial coherence, we obtained the mutual coherence function (γ) from the interference fringes. 
�e degree of coherence between two electric �eld, E1 and E2, is de�ned as ⁎E E I I/1 2 1 2 , where =I E1 1

2, and 

=I E2 2
2. In our coherence measurement, the intensity on the two slits is equal and γ reduces to the visibility 

γ = V = (Imax − Imin)/(Imax + Imin), where Imax and Imin are the maximum and minimum intensities of the interfer-
ence fringes. �e reference visibility with the broadband light source was 0.41. Compared to this, the visibility 
with a coherent CW laser under di�erent di�users decreased from 0.97 to 0.94, 0.65, and 0.54 with the increased 
DA from 0° to 1°, 6°, and 12°. �is implies that one can actively tune the spatial coherence over a wide tunable 
range so that the visibility can be controlled from 0.54 to 0.94 with the aid of the optical di�users; 0.97 is the max-
imum visibility that can be realized with a highly coherent CW laser and 0.41 is the minimum visibility attained 
by an incoherent broadband light source. �erefore, the spatial coherence of a coherent laser can be optimized to 
satisfy the requirements by di�erent microscope systems, so that the background speckle noise can be e�ciently 
suppressed while preserving the visibility of the interferograms for the quantitative phase analysis.

Coherent interferometric imaging over a FOV with successful speckle reduction was demonstrated in Fig. 6 by 
imaging a 1963A US AF test chart using o�-axis common-path QPI25. A biologically relevant scattering �lm with 
a small di�usion angle of 1° in full-width-half-maximum (holographic di�user from Edmund Optics, #47–991) 
was placed in the illumination side of the test chart to provide random phase delays to the impinging light as 
shown in Fig. 6a, which resulted in speckle illumination to the object. An objective lens (NA = 0.45, M = 20) 
was installed for the imaging in the inverted microscope. QPI part is composed of three optical components: 
a half-wave plate, a Wollaston prism, and a linear polarizer. �e vertically polarized beam passes through the 
half-wave plate, resulting in the polarization rotation by 45°. �en, the Wollaston prism splits the beam into 
two beams with di�erent propagation directions by the polarization state. �e linear polarizer located a�er the 
Wollaston prism is aligned to 45° with respect to two split beams, which makes the two beams to interfere with 
each other at the image plane, where a CCD camera records the interferogram. �e half-wave plate can be used 
for balancing the intensities at the two polarization states, which results in high visibility of the interferogram.

We successfully obtained QPI interferograms of the AF test chart under di�erent coherent CW laser illu-
minations with and without the optical di�users as shown in Figs. 6b–e. Note that these interferograms can-
not be attained with a white light illumination because the polarization-dependant phase delay in Wollaston 

Figure 5. Spatial coherence measurement by Young’s double slit experiment. (a) SEM images of the double slit. 
(b) Optical con�guration. Young’s double slit interferograms were recorded under �ve di�erent illuminations, 
(c) a white light (WL), (d) a CW laser, (e) a CW laser, with a static di�user (SD) and moving di�user (MD) 
in the illumination path with a di�usion angle (DA) of 1°, (f) a CW laser, SD/MD, DA = 6°, and (g) a CW 
laser, SD/MD, DA = 12°, �e normalized intensity line pro�les are shown below. LD: laser diode, OA: optical 
attenuator, L: lens, OD: optical di�user, DS: double slit, and CCD: charge coupled device.



www.nature.com/scientificreports/

7SCIENTIFIC REPORTS | 7: 15318  | DOI:10.1038/s41598-017-15553-9

prism is longer than the short coherence length (a few micrometres) of the broadband white light sources. As 
the DA increases, the interferogram gets cleaner with suppressed speckle noise; this trend is more evident at 
zoom-in images. To quantify the speckle reduction, the quantitative phase analysis was performed by the fast 
Fourier transform (FFT) analysis26,27, and a topographic phase map of the cropped area (shown as white rec-
tangle in Fig. 6b) was reconstructed. �e standard deviation of the spatial phase noise decreases from 0.69 rad 
(without the optical di�user) to 0.24 rad (with SD/MD, DA = 12°), as shown in Fig. 6b–e. Furthermore, the global 
low-spatial-frequency background phase distortion shown in Fig. 6b was removed in Fig. 6e; because this US 
AF test chart is a well-de�ned sample with a uniform thickness, there should not be global phase distortion. 
�erefore, the speckle reduction improves the measurement precision and sensitivity in QPI28,29. �ese results 
show that our approach suppressed the speckle noise well so that the standard deviation of the phase noise 
decreased by 2.9 times with a background phase distortion removal. �e speckle reduction in QPI for real phase 
objects (polystyrene beads and breast cancer cells) was recently demonstrated to suppress the coherent artifacts 
and enhance the lateral resolution6. �is proposes the application of this speckle reduction technique in revealing 
small biological, plasmonic, and optical objects in complex scattering medium over a larger FOV by an interfer-
ometric QPI.

Conclusion
We suppressed the background speckle noise in high-brightness coherent interferometric and non-interferometric 
optical imaging by manipulating the spatial coherence of the lasers using tunable electroactive micro-optic dif-
fusers. �e optimal control of the spatial coherence was realized by tuning the particle size, surface density, and 
rotation speed of the electroactive optical di�users. �e spatial coherence of the laser was tailored down from 0.94 
(for no SD/MD) to 0.54 (for SD/MD, DA = 12°) in visibility, which resulted in suppression of the speckle noise by 
factor of two. �is method enables an e�cient way of acquiring high-brightness, speckle-free, clean images with-
out subsequent image processing. Dynamic phase noise induced by the background speckle was reduced from 
0.69 rad (for no SD/MD) to 0.24 rad (for SD/MD, DA = 12°) by 2.9 times. �is dynamic phase noise suppression 
over a large �eld-of-view improves the measurement precision of quantitative phase imaging, so enables e�cient 
reconstruction of 3D height and refractive index pro�les of biological, medical, and industrial samples. Our spa-
tial coherence control and speckle reduction techniques will lead to a wide range of incoherent and coherent laser 
imaging requiring a fast, bright, clean, and phase-stable data acquisition over a large �eld-of-view.

References
 1. Park, Y. K. et al. Speckle-�eld digital holographic microscopy. Opt. Express 17(15), 12285–12292 (2009).
 2. Choi, Y., Yang, T. D., Lee, K. J. & Choi, W. Full-field and single-shot quantitative phase microscopy using dynamic speckle 

illumination. Opt. Lett. 36(13), 2465–2467 (2011).
 3. Ortega-Arroyo, J. & Kukura, P. Interferometric scattering microscopy (iSCAT): new frontiers in ultrafast and ultrasensitive optical 

microscopy. Phys. Chem. Chem. Phys. 14, 15625–15636 (2012).
 4. Ortega-Arroyo, J., Cole, D. & Kukura, P. Interferometric scattering microscopy and its combination with single-molecule 

�uorescence imaging. Nat. Protoc. 11(4), 617–633 (2016).

Figure 6. Coherent interferometric phase imaging with speckle reduction. (a) Optical system for o�-axis 
common-path QPI with speckle reduction. 1963A US AF test chart was imaged a�er a biologically relevant 
scattering �lm under four di�erent illuminations, (b) a CW laser, (c) a CW laser, with a static di�user (SD) 
and moving di�user (MD) in the illumination path with a di�usion angle (DA) of 1°, (d) a CW laser, SD/
MD, DA = 6°, and (e) a CW laser, SD/MD, DA = 12°. Reconstructed optical phase maps of the cropped areas 
are shown below. LD: laser diode, L: lens, OD: optical di�user, SF: scattering �lm, AF: air force test chart, O: 
objective lens, HWP: half wave plate, WP: Wollaston prism, P: polarizer, and CCD: charge coupled device.



www.nature.com/scientificreports/

8SCIENTIFIC REPORTS | 7: 15318  | DOI:10.1038/s41598-017-15553-9

 5. Cole, D., Young, G., Weigel, A., Sebesta, A. & Kukura, P. Label-Free Single-Molecule Imaging with Numerical-Aperture-Shaped 
Interferometric Scattering Microscopy. ACS Photonics 4(2), 211–216 (2017).

 6. Farrokhi, H. et al. Speckle reduction in quantitative phase imaging by generating spatially incoherent laser �eld at electroactive 
optical di�users. Opt. Express 25(10), 10791–10800 (2017).

 7. Goodman, J. W. Statistical Optics (Wiley-Interscience, 1985).
 8. Goodman, J. W. Speckle Phenomena in Optics: �eroy and Applications (Roberts, 2005).
 9. Chellappan, K. V., Erden, E. & Urey, H. Laser-based displays: a review. Appl. Opt. 49(25), F79–F98 (2010).
 10. Kang, D. & Milster, T. D. E�ect of optical aberration on Guassian speckle in a partially coherent imaging system. J. Opt. Soc. Am. A 

26(12), 2577–2585 (2009).
 11. Kang, D. & Milster, T. D. Simulation method for non-Guassian speckle in a partiallly coherent system. J. Opt. Soc. Am. A 26(9), 

1945–1960 (2009).
 12. Kang, D. & Milster, T. D. E�ect of fractal rough-surface Hurst exponenet on speckle in imaging systems. Opt. Lett. 34(20), 3247–3249 

(2009).
 13. Dubois, F., Joannes, L. & Legros, J. C. Improved three-dimensional imaging with a digital holographymicroscope with a source of 

partial spatial coherence. Appl. Opt. 38(34), 7085–7094 (1999).
 14. Dubois, F., Requena, M. L. N., Minetti, C., Monnom, O. & Istasse, E. Partial spatial coherence effects in digital holographic 

microscope with a laser source. Appl. Opt. 43(5), 1131–1139 (2004).
 15. Lim, D., Chu, K. K. & Mertz, J. Wide-�eld �uorescence sectioning with hybrid speckle and uniform-illumination microscopy. Opt. 

Lett. 33(16), 1819–1821 (2008).
 16. Lowenthal, S. & Joyeux, D. Speckle removal by a slowly moving di�user associated with a motionless di�user. J. Opt. Soc. Am 61(7), 

847–851 (1971).
 17. Redding, B., Allen, G., Dufresne, E. R. & Cao, H. Low-loss high-speed speckle reduction using a colloidal dispersion. Appl. Opt. 

52(6), 1168–1172 (2013).
 18. Akram, M. N., Tong, Z., Ouyang, G., Chen, X. & Kartashov, V. Laser speckle reduction due to spatial and angular diversity 

introduced by fast scanning micromirror. Appl. Opt. 49(17), 3297–3304 (2010).
 19. Hansford, D. J., Fells, J. A. J., Elston, S. J. & Morris, S. M. Speckle contrast reduction of laser light using a chrial nematic liquid crystal 

di�user. Appl. Phys. Lett. 109, 261104 (2016).
 20. Dhalla, A. H., Migacz, J. V. & Izatt, J. A. Crosstalk rejection in parallel optical coherence tomography using sptially incoherent 

illumination with partially coherent sources. Opt. Lett. 35(13), 2305–2307 (2010).
 21. Redding, B., Choma, M. A. & Cao, H. Speckle-free laser imaging using ransom laser illumination. Nat. Photonics 6, 355–359 (2012).
 22. Redding, B., Choma, M. A. & Cao, H. Spatial coherence of random laser emission. Opt. Lett. 36(17), 3404–3406 (2011).
 23. Nixon, M., Redding, B., Friesem, A. A., Cao, H. & Davidson, N. E�cient method for controlling the spatial coherence of a laser. Opt. 

Lett. 38(19), 3858–3561 (2013).
 24. Seurin, J. F. et al. Progress in high-power high-e�ciency VCSEL arrays. Proc. SPIE 7229, 722903–1 (2009).
 25. Lee, K. R. & Park, Y. K. Quantitative phase imaging unit. Opt. Lett. 39(12), 3630–3633 (2014).
 26. Takeda, M., Ina, H. & Kobayashi, S. Fourier-transform method of fringe-pattern analysis for computer-based topography and 

interferometry. J. Opt. Soc. Am. 72(1), 156–160 (1982).
 27. Girshovitz, P. & Shaked, N. T. Fast phase processing in o�-axis holography using multiplexing with complex encoding and live-cell 

�uctuation map calculation in real-time. Opt. Express 23(7), 8773–8787 (2015).
 28. Edwards, C. et al. E�ects of spatial coherence in di�raction phase microscopy. Opt. Express 22(5), 5133–5146 (2014).
 29. Dohet-Eraly, J., Yourassowsky, C., El Mallahi, A. & Dubois, F. Quantitative assessment of noise reduction with partial spatial 

coherence illumination in digital holographic microscopy. Opt. Lett. 41(1), 111–114 (2016).
 30. Mandel, L. & Wolf, E. Optical Coherence and Quantum Optics (Cambridge Univ. Press, 1995).
 31. Hitzenberger, C. K., Danner, M., Drexler, W. & Fercher, A. F. Measurement of the spatial coherence of superluminescent diodes. J. 

Mod. Opt. 46(12), 1763–1774 (1999).
 32. SugarCUBE T. M. Red, Nathaniel Group, Vergennes, VT, USA; http://www.nathaniel.com (2017).

Acknowledgements
�is work was supported by the Singapore National Research Foundation (NRF-NRFF2015-02), AcRF Tier 1 
grant (RG180/16) from the Singapore Ministry of Education, the National Research Foundation of the Republic 
of Korea (NRF-2012R1A3A1050386) and research collaboration agreement by Panasonic Factory Solutions Asia 
Paci�c (PFSAP) and Singapore Centre for 3D Printing (SC3DP) (RCA-15/027).

Author Contributions
H.F., S.-W.K. and Y.J.K. proposed the idea and the strategy for the experimental design and data analysis. H.F., 
T.R., and J.B. performed the sample preparation and optical characterization. S.H. and H.K. manufactured double 
slits for spatial coherence evaluation. H.F., T.R., J.B., and Y.-J.K. wrote the manuscript. All authors contributed to 
the data analysis, discussions, and manuscript preparation.

Additional Information
Competing Interests: �e authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2017

http://www.nathaniel.com
http://creativecommons.org/licenses/by/4.0/

	High-brightness laser imaging with tunable speckle reduction enabled by electroactive micro-optic diffusers
	Results and Discussion
	Speckle Noise Reduction in Laser Imaging by Electroactive Micro-Optic Diffusers. 
	Speckle Reduction in Non-Coherent Bright-Field Laser Imaging. 
	Speckle Reduction in Laser Interferometry for Quantitative Phase Analysis. 

	Conclusion
	Acknowledgements
	Figure 1 State-of-the-art light sources for optical imaging classified by photon degeneracy and speckle contrast level.
	Figure 2 Electroactive optical diffuser for low-speckle laser imaging.
	Figure 3 Speckle reduction by introducing optical diffusers in illumination path.
	Figure 4 Speckle reduction in optical imaging.
	Figure 5 Spatial coherence measurement by Young’s double slit experiment.
	Figure 6 Coherent interferometric phase imaging with speckle reduction.
	Table 1 Specification of scattering films used for speckle reduction.


