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ABSTRACT

Laser, a the illumination source in the projecttigsan intrinsic problem for high quality
image. The speckle noise caused by laser coherencles rfaes details when the image
projected on the screen. Therefore, to characterize the speckle noise of the different laser light

sources becomes an important issue in developing the laser display technology

The cheapest laser light sources, red and lbeadarea edgemission laser diodes
(BAEEL) invented in the last decades, will be characterized for future high brightness laser
projector designln this thesisthe laser emission spectrum has been measured at different
operating temperatures and dnigiconditions. The speckle images from the laser diodes are
formed on the glass diffuser screens and recorded by the CCD camera. For measuring the
specklecharacteristics of laser diodes, two typical measurement plans were desigtned, 1)
laser diodes wit collimation lenses to form a small light spot in which all the light rays are
roughly parallel2) the laser diodes without collimation lenses to get a large illumination area

in the far field measuremerttor the first measurement plan, we find ttie speckle contrast
strongly depends on the operating temperature and driving current, which can be explained by
the temperatureand currentdependence of the emission spectrufor the second
measurement plan, three different optipaks configurations havbeen sefp in IMST

optical lab. Under a certain measurement conditions, at specific temperature and driving
current, we investigate the speckle images of the blue laser diodes in the far field, where the
illumination field is a basshape with a large aaeThe speckle contrast of the different areas

in the large illumination field is measured by moving the diffuser screen, by moving the
diffuser screen with optical axis alignment, and by rotating the diffuser screen with optical
axis alignment. The corr&ion of the speckle images measured in the different illumination
areas is analyzed. We have observed the speckle contrasts depending on the measurement
configuration. By changing the operating temperature and driving current, the speckle
characteristicof the semiconductor laser diodes can be modulated; It is possible to design
high brightness and low speckle noise projectors by engineering the driving scheme,

temperature control, and integration configuration of the semiconductor laser. diodes

Key words: laser display, speckle reduction, speckle characterization, laser diode
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1 INTRODUCTION

1.1 Background of the laserdisplay

Display technology has experienced a black and white display, color display, and digital
display. Color display gives us a colorful world comparing with the black and white display.
While the digital display shift the display from standard definition (SDhigh definition
(HD), in which the analog signamage is transferred to the digital signalimage The
representative display technology in nowadays is theLigDid Crystal Display(LCD) with
the Light Emitting Diode(LED) as the backlight, which can lgrpresent the images of less
than a half color range compared with the color which can be seen by the human eyes. The
use of Laser emission as the illumination light, make the display more vivid and high contrast.
The laser display technology can cove®@f the natural color gamut. Fig.shows the
international commission on illumination (CIE) 1931 x, y chromaticity diagramlafer,
LED, LCD and Cathode Ray Tube (CRT) based displays, wherehtmmnaticity of laser
displayscompletely covers thether$l, 2]. Briefly, the laser display technology can deliver
the following advantages:

1 Large color gamut due to the line spectrum characteristics
High saturatiorand hgh contrast due to the limited straight light
Long life due to the long lifetime of tHaser sources
Few optical components due to the purity of the laser light spectrum
High F number optical system due to the small etendue of the laser light
Compact size
High opticalelectrical efficiency

Low power consumption

= =2 4 4 A4 A - -2

Environmental friend fatication due to the mercury free.

Based on these advantagleser TV, Pico laser projector, laser projector for digital cinema
and professional applications have been demonstrated worldwide. Commercial product such
as laser TV was marketed by Mitsubism Northern America several years ago.
Phoebusvision demonstrated 50000lm professional use projector in 2008. The Barco
demonstrated its newhigh brightness 66000Im laser projector in 2012. In earlier 2013 Sony
broadcasted the 4000Im speckle free projecto
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0.9
CIE 1931 x, y chromaticity
diagram

Fig. 1 The CIE 1931xychromaticity diagram for laser, LED, LCD and CRT based
displayq1]

Thoughsuggested as earlier dhatthe first working laser was reported in 1960, using laser to
design the display devices does not make a disrupted technology due to 1) the laser sources
were very expensive and the size was too big, 2) the laser speckle noisdrasatt the

laser temple and spatial coherence. As of today, research on laser display technology has been
a focus topic for research institutes and display industries due to theststéidand
semiconductor diode lasers become widely available with egptable price. After the long

march of several decades in developing semiconductor laser diodes, the large optical power of

red and blue laser diodes have been commercialized recently.

1.2 Challenges in developing laser display technology

In the earlyof 1960s, by using laser sourc@ display applicationsiesearchers noticethat

high contrast and finscalegranular structureswereseen by the obseryawhich was defined

as the laser speckl@oise[3]. The speckle noise happens due to the random scattering of
coherent laser radiation from the rough surface of the screen whose roughness is of the order
of wavelengtid]. The scattered lights interfere with each other to generate random
distribution of the intensity of light.
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Speckle phenomenon is well illustrated in Fig. 2 (left), and a typical image of speckle pattern
is shown in Fig. 2 (right)This specklenoisecan reduce the image contrast and resolution,
thus degrade the quality of the imagkesthe projection display, the screen must be made to
be rough in order to have the wide angle observaibe. speckle image will certainly be
produced in such sa, which can mask the projected images which cannot be enjoyed by
human eyg5]. Thereforehow to achieve low speckle noise is a magmhniquechallenge in

using the lasesourcesas the illumination sourcdsr display technologyFig. 3 and Fig. 4

showthe image after speckle reduction and before the speckle redi6ition

Observer's
eye

Rough
surface

Fig. 2 Schematicpresentation for physical origin of speckle phenomenon (left) and a
typical speckle pattern (right).

oA

Fig. 3 Speckle free pojected image(left) and the imagewith specklenoise(right).
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Fig. 4. Image after the speckle reduction (left) and before the speckle reduction
(right)[6].

As the second challenge in developing laser display technobaglythe gadasersandthe
frequency doubled solid state lasers a&my expensive and bulky, which blocked the
possibility for commercializabn of the laser display devices. The good news is that
nowadays the semiconductor laser diodes have been fabricated based on the wideband gap
semiconductor materials. The semiconductor diodes are much smallefr tatively cheap

price which willdropd 1 | owi ng the famous Mooreds | aw in

1.3 Laser speckle reduction

In order to reduce the spechkieise to emphasis the vivid image quality, a number of speckle
reduction methods have been investigated. In brief, the basic principles foles@eltiction

are, 1) integrating the series images in human eye integration time (typically 30s) which is
partly or fully uncorrelated, 2) destroying the laser temple and spatial coherence, 3) using
laser array in a certain space distribution, andovBrdesigring the projection optics as
compared with the resolution of theimaneyes. As the examples, moving diffuser in the
projection optical path of the projector to create partially correlated intermediate images have
been widely investigated for reducisgeckle in projector§?7], in which the diffuser can be
random diffuserd 3], or phase patterned diffusers such as Hadamard nj&}rierthogonal

array phase modulat$8], a barker like binary phase codés11]. By introducing a movable
screen, the series images of partially uncorrelated will also be able to be created in the eye
integration time[3]. In the illumination optical path, the incidermighe diversity of the light

has been realized by different inventior[®, 12-14], G. M. Ouyang at HiVe used the
motionless diffractive optical element to reduce the speckle of laser diki#hyThe laser
sources with broadband width spectrum realized via engineering the crystal for frequency
doubling is the way to reduce the coherence emisdiba. semicondector laser diodes in
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general emit multmodes and change the centre wave length at different operating
temperatures, which all benefit to the low speckle contrast in the projected images.
Integrated laser diodes array with correct distance between twonction diodes is a good

for speckle reductionWith the development of laser display technology, the speckle
reduction devices have emerged time to time in last years. Dyoptyka, a company in U.K has
launched its SPECKLEFREE series deformable mirrorsorf speckle reduction[13].
Optotune in Switzerland has marketed its ESR®O0 series movable diffuser droved by
electroactive polymef14]. Fig. 5 shows the two mentioned despeckle moddldr And Fig.

6 (b) shows the image aftsuppressed speckising SPECKLEFREE modé&ig.6 shows the
image of speckle beforeuppressed14]. Fig. 7 shows the images of spexkiontrast before

and afterusing LSR3000 mode from Optotungl5]. No matter laser projector or laser
television, effective speckle reduction technology has been proposed and has beten abl
manufacture the display prototype.

Fig. 5 The speckle suppressiodevices: SPECKLEFREE™ (left picture) and LSR-3000
(right picture) [13]
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(a) Before speckle suppression (b) after speckle suppression

Fig. 6 Images of speckle contrast beforeral after using SPECKLEFREE™ [14].
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(a)before speckle suppression (b)after speckle suppression

Fig. 7 Images of speckle contrast beforeral after using LSR-3000[15].
1.4 Semiconductor laser diodes as the illumination

sources for laser display technology

Thanks to the breakthrough made in semiconductor technolegyc@nductor laser diodes
emitting in the red and blue wave length now are commercial available although the power
output of individual laser diode is limited for high brightness projectditsubishi sells the

red laser diode with 500mW. Nichia launched the 3.6W blue laser dicddlumination
source in the laser display technology, semiconductor laser diaaesompact and can be
integrated in diodes array which has advantage of low spexkitrast. Prior to the laser
diodes the degree of the coherence andspeckle characteristics of a vertical cadtyface
emitting semiconductor laser (VCSEL) have begported[16, 17]. Under different driving
conditions, VCSEL can work in, for examplie incoherent emission regime under pulse
operation and the multimode emissiamder continuous wave operatidrne lowestspeckle
contrastwas 19% in incoherent emission regime measuretnage geometry. There is not
research published in the journal about tpec&le charactestics of the broadarea edge
emitting red and blue $&r diods. In order todevelop a speckle free projector by using the
broadarea edgemittingsemiconductor laser diodes, the speckle characteristics of such laser
diodes have to be firstiywvestigaté. In this thesisthe speckle images formed by usiregl

and blue semiconductor laser diodes to illuminate the paper or glass screen are recorded in
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different optical configurations and the correlation of the images and the speckle contrast

were studied

1.5 Organization of this thesis

To present our experimehtaork and research resulthjg thesis iorganized irb chapters

Chapter 1 is the short introduction about baekground of laser display technology. In this
chapter, the advantages of laser display technology, the challenges in developing the laser
display technology, and the speckle noise reduction methods are presented. The motivation
and the objectives of the master project are described in brief.

Chapter 2 starts with the configuration of tlaser projector display systenand then
describe the experimentaketup, the key elements or devices for tieasuremestin detail

The research plan involving different measurements are given to conclude the.chapter

Chapter 3and Chapter 4eportthe experimental results. The laser diodes emission spectru
and the speck contrast versogeratingtemperature and driving current are reported. The
speckle images measured in different optical configurations are given for analysing the

speckle characteristics of the lasers under test
In the Chapteb, wediscuss and analyze the experimental results

Finally, we makehe conclusions in the Chapter
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2 Experimental Setup and devices

2.1 Laser speckle measurements

A standard way to characterize the laser speckle is to use an optical setup, in which laser light
will incident onto a rough screen to create a speckle image. The image will be recorded and
analyzed to determine the distribution of-lmmmogenous light intensity. The laser speckle
usually is quantified by the speckle contrast C which is defined as the fajtowin

s _\/<|2>-<|>2
<|> <|>

wheres is the standard deviation of the light intensity in the speckle image, | is the light
intensity, ancdis the mean value of the light intensity. For a fully developed speckle image,
Goodman proved that the standard deviation of the fullyldped speckle intensity equals

the mean valug3]. Therefore, the speckle contrast of the fully deped speckle image
equals to 1, C=1. In general, the speckle image can be taken in two different optical
geometries. As the first, the speckle image is taken from the free space, and the second, the

speckle image is taken from the image geometry.

2.1.1 Objective Speckle

The following Fig.8 shows the free space measurement configuration, where the speckle
image is taken by the photo film or detector arrays such as CCD chips in a distance away
from the rough screen. The speckle image on one point of film origakeqgb the detector

array is formed by the waves scattered from different points of screen, which interfere with

each other at the detecting pdih§].

In such a measurement configuration, with a fixed light spot dimension the distance of the
detector from the screen will determine the average size of the speckle grain. Care must be
taken in configuring the measurement setup to assure that the speckle size will be much
bigger than the pixel of the detector, so that the spatial average of theespéshsity will

not happen on the pixel of the detector
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coherent
source

photo film
scattering or detector
surface array
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d
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Fig. 8 Schematic plot of theobjective speckle measurement

2.1.2 Subjective Speckle

The Fig.9 displays the configuration for the image geometry measurement, where the speckle
image is taken by the photo film or detector arrays such as CCD chips in a distance away
from an image lens which is placed between the detector and the rough screen. The
converging waves scattered from single point of the rough screen have traveled pattious
lengths and interfere each other to produce a particular brightness at the convergence point,

which in this configuration is the detecting pdih8].

In such a measurement configuration, with a fixed aperture of the image lens the distance of
the detector from the image lens will determine the average size of the speckle grain. Similar
to the objective speckle measurement, the speckle size must be assured to be much bigger
than the pixel of the detector, so that the spatial average of thklespatensity will not

happen on the pixel of the detector.
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Fig. 9 Schematic plot of the sbjective speckle measurement

2.1.3Laser Speckle measurement setup

In our study, both the objective and the subjective speckles were measurddewgtimeral
configuration as shown in Fid.0, where the objective speckle was measured with the CCD
camera without the lens, and the subjective speckle was measured with the CCD camera

mounted with a lens.

diffuser
filter
laser lens
Polarizer1,2 cCh

Fig. 10 Optical schemefor the speckle measuremengetup in this thesis
(1) Filter
To control the light power onto the detector without cliagghe laser light spectrum,
absorptive neutral density (ND) filtefsom company ECare selected in the setup. We have

ordered the ND filtes with opticaldensity (OD) rangig from 0.15 to 2.5, see Fig..1Hor the

high power blue laser diode, the OD of 2.5 is used in the experiment.
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Fig. 11 The filter in our | aboratory

(2) Polarizer

In the optical path configuration,ghpolarizer is also used to modulate the laser power onto
the detector so that the detector will not work beyond the dynamic range. Two polarizers can
be required in some cases in order to get progét Intensity. Fig. 12 showsvo 42 mm

Circularpolarizersfrom Thorlabsn the experiment.

Fig. 12 Polarizer used in the &periment

(3) Diffuser and Aperture

In our experiment, two type of the screen were used for creating the speckle image. One is
glass made random diffuser, and anotisethe standard printing white paper. The random
glass diffuser is with the size: 50mmx50mm and has adrR0sandblast. In order to define

the same area of the diffuser to be used to create the speckle image in the different optical
field, an aperturés fixed onto the diffuser. The aperture is made of a black paper punched
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with a circular hole in the center. Fi§3 shows the diffuser with aperture mounted on the

optical table.

Fig. 13 Diffuser with aperture used in experiment

(4) CCD

The CCD sensor is DMK21AU04 from IMAGINGSOURCE, which is used in the séitbp.
CCD has a 640480 pixel array, and the pixel size is &6m [ ¢ B. 6 The CCD ws
connected with a computer for date management and image reproducing. Fig.14 shows the

picture of the CCD mounted on the optical table.

Fig. 14 CCD is provided in the laboratory
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2.2 Laser diodes for the measurements

The DCI (digital cinema initiative) color gamut is the largest color gamut specified for any
kind of display systems. The laser wavelength must be carefully selected to cover the
completely DCI color gamut (DCI 20029]). Table 1 shows the minimum and maximum
wavelengths usable to satisfy this requirement. For the reference, a laser projector developed
by E&S company fosatisfying the DC[20] uses the laser wavelengths are also listed in the
Table 1

Table 1: Laser wavelength to completely cover the DCI 2007 color gamut

Color Minimum Nominal ~ Maximum E&S
Red 616 630 650 631
Green 523 532 545 532
Blue 455 462 468 448

In this thesis, we will focun the investigationof commercial available red and blue
semiconductor laser diodes which are a braagh edgemitting device. The specifications
of theblueandred LDs are shown in Table&3.

Table 2: Typical Optical / Electrical Characteristics of the blue LD

Item Symbol Absolute Maximum Ratings Unit
Forward Current If 1.2 A
Optical Output Power Po 15 W
LD Reverse Voltage Vr (LD) 5 \%
Storage Temperature Tstg -40° 85
Operating Case Temperatu Tc 0 33

Initial Electrical/Optical Characteristics

Item Condition | Symbol Min Type Max Unit
Optical Output Power If=1.0A Po 0.75 1.00 - W
Dominant Wavelength If=1.0A éd 440 - 455 nm
Threshold Current CW Ith 150 - 300 mA
Slope Efficiency Cw ® 0.8 - 1.8 W/A
Forward Voltage If=1.0A Vop 4.0 - 6.0 \%
Beam Divergence If=1.0A ¢S 5 12 25
Full Angle (1/e2) Cy 30 40 50
Emission point| Angle If=1.0A E cy -5 - 5
Accuracy
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Table 3: Typical Optical / Electrical Characteristics of the red LD

ltem Symbol Absolute Maximum Ratings Unit
Threshold Current Ith 174 mA
Operating Current lop 307 mA
Optical Output Power Po 150 mw
Peak wavelength Ap 636.8 nm
Beam Divergence ¢S 4.2
Full Angle (1/e2) cy 35.3
Tenmperature Controller Tc 25 C

To well control the operation temperature of the LDs, the LD under test will be mounted on
the TCLDM9 diode mount from Thorlabs shownFig.15 The LD under test can be quickly

and easily changed in the mount. It is as singgenserting the laser diode into the socket
according to the imprinted pin assignment. The LD then can be fasted by the clamp ring. The
temperature and current control units are also depicted iRigtis. By using such a setup,

we are able to contrahé temperature with.1% accuracy and the current wito accuracy

Fig. 15 Temperature and current controller connected withthe laser mount

2.3 Experimental plans

In this part, we are going to describe the strategic experimental fuacharacterizing both
the spectrum and the speckle of the red and blue laser diodes

2.3.1The emission spectral measurement of the Laser diode

For the first, the spectrum of the Lvill be characterized by using the setup shown

schematically in Figl6.
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lens filter

< —

laser fiber

Spectrometer

Fig. 16 The schematic plot for characterizing the emission spectrum of the LD

In this setup, the laser emission after a collimation lens passes through the filtespfiber

and was measured by the fikgrectrometer, Ocean OpticRRMI000 Spectrometer, which is a
versatile highresolution spectrometer. The HR4000 has a 38dBent CCBarray detector

from Toshiba that enables optical resolution as precise as 0.02 nm (FWHM). The HR4000 is
responsive from 262100 nm, but the specifiange and resolution depend on the grating and
entrance slit choices. The spectrum intensity for the laser diode is too high to measure. In
order to reduce the light intensity, we add the ND filter in the setup to have a proper spectral

measurement.

2.3.2 The speckle measurement for the collimated laser diodes

As the first step, the olgéve and subjective specklereremeasured for the same LD. With
the correct setup parameters, we confirmed that the speckle contrasts are the same for both the
objective and sybctive speckles. Therefore, through our alpesments the objective

speckles measured to reduce the use of the lens attached to the CCD camera.

For obtaining the sxkle characteristics of the LDOhe first measurement schemas
designed for collima&td LD. One polarizeis used in case of the red EDsee Fig.l7. The
speckle contrast of red LD is investigated by changing the operating temperature and driving
current.

diffuser
lens

41—l

laser

Polarizer CCD

Fig. 17 The schematic of speckle contrast measurement settgr the collimated red LD
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In the case of measuring the collimated blue LDs, the filter and two polarizers are used to
adjust the power onto the CCD camera because of the large optical power emitted from the
blue LD, see Fig.18. Similar to the measuremahotve for the red LDs, the speckle
characteristics of the blue LD are also studied by changing the operating temperature and

driving current

diffuser
filter
laser lens
Polarizer1 2 CCh

Fig. 18 The schematic of speckle contrast measurement setup for the collimated blue LD

2.3.3 The speckle measurements along the illumination area of

the laser diodes

The second measurement scheme was designed to measure the correlation degree of the
speckle images from the different illumination area of the LDs, se€lgigrhe LDwithout
collimation, illuminates a large area as a bar shape in the far field. The different illumination
areas from th LD are selected stdpy step to shine on the same area of the diffuser. The

speckle images are measured in each step.

Polarizer

Laser Diode

CcCcD
Diffuser

Fig. 19 The schematic of speckle contrast measurement setup
for the un-collimated blue LDs

Master Studen®iyu Duan HVE 105048 Page27



Vestfold University College

Three different measurement methods are applied in this measurement scheme. For the first
method, the illumination area is selected by manually moving the diffuser attadtmethe

aperture along the illumination field, while the polarizer and CCD moved tagettiethe
diffuser, see Fig20.

polarizer

Laser Diode E%«
Diffuser CCD

Fig. 20 Polarizer, Diffuser and CCD move together alonghe illumination field , [M1]

For the second metlpthe illumination area is selected by manually moving the diffuser
attached with the aperture along the illumination fieldhile the polarizer and the CCD

camera will be aligned in the optical axsshown schematically in Figl.

Polarizer

Y

Laser Diode ﬁ\

Diffuser
CCD
Fig. 21 Moving polarizer, diffuser, and CCD camera aligned with the optical axis[M2]

As the third methodthe illumination area is selected by manually rotating the fixed set of
polarizer, CCD camera and diffuser attached i aperture arounthe LD, in which the

polarizer, diffuser and CCD camera do not change their relative position. The configuration of
the measurement is schemally shown in Fig22.

Palarizer
—a

LaserDiode \K

Diffuser

Fig. 22 The schematic plot for rotating the set of the polarizerdiffuser and CCD camera
around the LD
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3 Measurement results for the emission

spectrum of the blue laser diode

The laser speckle strongly depends on the coherence of #resiasrce. The frequency
doubling solid state laser sources emit pure mode of the lbsam in a high degree of
coherence, which has been characterized to be able to form a fully speckle image. The
semiconductor laser diodes in general will not be able to emit pure mode lase &8s
Because of the working principle of the semiconductor laser diodes, the operating temperature
will significantly affect the wave length of the &sion comparing with the frequency
doubling solid state laser source, as well as the driving condition can change the emission
spectrum of the semiconductasserdiodes froma few modes to mukmodes. Therefore, to
understand the speckle characteristéghe semiconductor laser diodes, ithgpectra are

measured as the first step.

3.1 The temperature dependence of the spectrum

The blue laser diode was drove in a continnease mode with a constant current of 1 A.
The emission spectra of the blue laseddiavere measured when the operating temperature is

changed from 28 to 5QN . The results are presented in F2§.

1 ——20c
16000 { —.— 23°C
] ——26°C

14000

12000 -

u.)

5 10000

8000
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6000
4000

2000

T T T T T T T T T T T T 1
453 454 455 456 457 458 459 460
Wavelength (nm)

Fig. 23 The emission spectrum versus the LD operation temperature
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For clearance, three ty@icspectra at different temperatures are shown in28ig.

16000 . ; . ; . ; . ;
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.u
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Fig. 24 The emission spectrum versus the LD operation temperature

Both figures indicate the clear dependence of the emission spectrum on thepkrsg¢ing
temperature in the range of from IR0 to 50N . With the temperature increasing, the

wavelength drift occurs and the band width becomes narrow at high operation temperatures

3.2 The driving current dependence of the spectrum

At the fixed 20N operating temperature controlled vidorlabslaser mountthe emission
spectrum was measured under the driving current changed froomA530 1150mA. The

results are presented in Fip.

Fig. 25 The emission spectrum versus the LD driving current
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