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Enhanced control of diffraction through transparsumbstrates is achieved via disordered
gratings in a silica sol-gel film. Tailoring the gtee of disorder allows tuning of the
diffractive behavior from discrete orders into katadistributions over large angular range.
Gratings of optical quality are formed by silica-gel nanoimprint lithography and an
optical setup for the measurement of continuouBadifion patterns is presented. Sound
agreement is found between measurements and siomylgglidating both the approach
for redirection of light and the fabrication prose$he disordered gratings are presented in
the context of improved interior daylighting and ynfrthermore be suited to a wide
variety of applications where controlled angulatirection of light is desired.

OCIScodes: 050.1950, 080.4298, 220.4241, 310.6628, 120.0120

1. Introduction

Optically functional surfaces can be fabricated gafterning the surface of a substrate with
micro- and nanostructures [1-3]. Among such surtdngctures, diffraction gratings [4] are key
optical elements for controlled redirection of ligivhich allow the design of highly compact



optical systems [5,6]. Due to their strongly digpeg nature, diffraction gratings are most often
used when monochromatic light is involved or whpactral separation is required [7], but this
renders them typically ill-suited to purposes whamey divergence of color is unwanted.
However, diffraction gratings can address thisasby introducing a degree of disorder to the
grating properties [8-10], such that the diffractangle of each wavelength is broadened. In this
work, varying degrees of disorder to grating pesi@de implemented, yielding an additional
degree of freedom in the design of a desired difiva pattern such that the redirection of the
light through a transmission grating can be cotecbl

The findings are presented in the context of daying [11,12] through windowsj.e.,
optimizing the path of sunlight for improved naturadoor lighting, although the method can be
generalized and adapted to a number of applicatibas include color-controlled lighting in
optical systems [13] and optical sensing [14].

For use of diffraction gratings as optically fuloctal surface structures in windows with
optimized daylighting functionality, an additionabnstraint is imposed by the fact that the
grating structures need to be fabricated overgelarea in a material with specific optical and
mechanical properties. This can be achieved byguaisilica sol-gel nanoimprint lithography
(SSGNIL) process, where nanostructures are define@ thin film of silica gel with a
stamp [15]. Such a process enables cheap fabncatigilica nanostructures on large surfaces,
and has potential for large-scale [16] production.

The layout of the article is structured in the daling way. In Sec. 2, the principle of operation
and the requirements for the specific use of dis@d gratings as an optical daylighting device
are discussed. In Sec. 3, the method used to dmnthe diffraction characteristics of the
disordered gratings, in order to select gratingigies for fabrication and measurements, is
presented. Sec. 4 outlines the fabrication prot@smaking silica patterns on glass substrates,
and Sec. 5 describes in detail the optical setepeldped to measure continuous diffraction
patterns over large angles. Optical measurement®m&rating that broad control of light
redirection can be obtained by tailoring the amaritlisorder in the gratings are reported in
Sec. 6, and the measured and simulated efficieraceselated to the quality of the fabrication
process. Compelling qualitative agreement betwa®nlation and measured data is observed.
Finally, a conclusion is drawn from the results dhelir implications both for daylighting and
other potential applications where customizablé&abtion patterns are of interest. It is thereby
shown that surface patterning of engineered diseddgratings via SSGNIL can yield new
optical functionality.

2. Principle of operation

Windows with daylighting functionality improve thgtobal luminosity of natural light inside a
room by spreading sunlight, as it passes throughwimdow, such that part of the light is
redirected to the ceiling and further into the rgdm,18]. This is shown in Fig. 1(a), which
illustrates the light distribution in a room withn@rmal window: a small section of the room is
intensely illuminated with direct sunlight whileethmajority of the room is shadowed. Fig. 1(b)
shows how this can be improved with a daylightirngdew. In this case, a more homogeneous
light distribution throughout the room is possilidg redirecting a portion of the light both
horizontally into the room and also towards thdirgiwhere it undergoes diffuse scattering.
Daylighting functionality can be obtained in manifetent ways [20], but for practical and



architectural reasons, it can be convenient tagnate the functionality directly on the glass of
the window.e.g., by applying diffractive optical structures to theface.

For a daylighting window element to function sugiatly, not only should the absolute
transmittance through the window be optimized, dsb the spatial and spectral distributions of
light are important for comfort and general use22] However, since typical uniform-period
diffraction gratings redirect light into distinctders, “rainbow effects” appear and render such
gratings unsuitable for daylighting purposes. Gédrpgratings, where the grating period
undergoes a linear variation, are well known fardalening the diffractive spectrum [23], but the
feasible scale of their implementation is ordersnafgnitude smaller than the size of a typical
window pane. Nevertheless, all these issues cawovieecome via diffraction gratings with
deterministic degrees of disorder, where light lbarcontrollably redirected over a large angular
distribution, and, by using the right mixture ofsdider, done so in a color divergence-free
manner.

3. Design and simulations

The design of the daylighting structure is base@ tmary grating of period\ =400 nir with a
filling factor of 50%. Such a structure redirectsime light into a single (<)) diffraction order.
This combines two important properties for a dayiigg device in the facade of a building: i)
the majority of light remains present in th® @der such that the window remains transparent,
and ii) a significant fraction of the incident ligis diffracted to the ceiling, allowing distribute
illumination of the room with natural light. Howeven this case for gratings of uniform period,
each wavelength is redirected at a specific anglesing the “rainbow effect”. For esthetical
reasons this should be suppressed such that titediffracted to the ceiling appears white. In
order to achieve this, disorder is introduced itlte otherwise uniform gratings to redirect
monochromatic light over a larger angular rangés®guently, the degree of disorder becomes
an important parameter of such a system. On théhand, if the disorder is too prominent, the
daylighting effect vanishes as the system becomewaent to an omnidirectional diffuser and
transparency is lost. On the other hand, if therdisr is too low, the “rainbow effect” is not
sufficiently suppressed. In order to describe tisorder, the parametéd is used as shown in
Fig. 2(a). Starting from a uniform grating of petia, blocks ofM periods are kept intact. The
disorder is introduced by randomly inserting sepana of {-A/2; 0; + A/ 2} to the adjacent

block. Importantly, the transformation conservesrgy, i.e. the total light quantity transmitted
by the structure is equivalent to the sum of thengjty diffracted in the 0 and -£' orders of the
uniform grating. Based on thé parameter, the disorder percentage is defined as

&=1/(2™m) 1)

Since the grating line width is constant, the disoris limited to 50% for the case ™M =1
where a shift is possible after each period. Agyaré of merit for the effect of the grating, the
daylighting efficiency is defined as

90° 9
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where @ is the angle and () the light irradiance. The daylighting efficieney, iy 1S thus

calculated as the ratio of the power diffractedvabloorizontal over the total transmitted power,
and this value is the essential parameter usedhdoacterize the structures in simulations and
optical measurements.

In addition to disorder, the optical properties algo affected by the height of the patterms (
and the period of the grating)( In order to test the influence of these parameteumerical
simulations are performed. A Rigorous Coupled WaAralysis (RCWA) calculation
method [24,25] is used which allows simulation efipdic structures. In order to adapt it for
simulation of the disorder, super-cells of 100 pesi are defined that are periodically replicated.
Each of these super-cells contains a specificaai#in of disorder; accordingly, the calculation
results are averaged over 20 different realizatadribe saméM value.

For an actual window with improved daylighting peoifles made by diffraction gratings, the
diffraction will depend on both the elevation armnauth angle of the sun. In this article, all
simulations and measurements are performed witlsihés azimuth perpendicular to the glass
pane and an elevation angle ¢f 30°. This angle is chosen since it is large enoughtfersun

to have high intensity, yet small enough for thie g&ucause glare far into a room.

The effect of the disorder is demonstrated in E{g-c). Fig. 2(b) shows the diffraction angles of
a regular periodic grating and Fig. 2(c) shows $ateal data of a disordered grating of the same
period, where a broad distribution of light arouhé peak positions of the uniform grating is
observed.

The period of the gratings are chosen to be 40@ma500 nm in order to operate at visible light
wavelengths in the range of 400 nm to 700 nm. Tfextof the structure height is critical for
the daylighting performance and simulated dataésented in Table 1. Based on these results,
the pattern height is kept constant and equal ® &% and should ensure an efficiency of
approximately 25%.

Table 1. Calculated daylighting efficiency of a 40@ grating withM = 2 for different heights of the grating lines.

Grating height Daylighting efficiency

100 nm 2.4%
250 nm 14.3%
350 nm 26.0%

Based on the numerical simulations, four differgrating designs with different period and
disorder parameters have been selected for falmicathe effect of disorder is investigated
from 12.5% to 50% and the influence of the periamhf 400 nm and 500 nm is compared. A
drawing of the four structures is shown in Fig.)2(d

4. Nanoimprint fabrication

In order to fabricate gratings with deterministisatder, a direct-writing fabrication method is
required since self-assembly or holographic appgrea@re not applicable. The technique in this
work is based on replication of a master, which baneasily up-scaled to large areas and is
thereby cost-effective. The dimensions necessarydfyylighting applications also pose a
challenge, requiring a period of 400 nm, an asgeat of 2[l /A =1.75 and transparency of the



material. To fulfill these demands, the simple &md-cost SSGNIL [26,27] process is used to
imprint nanometric patterns in a thin-film on glaksparticular, the chosen sol-gel material has
two principle advantages: its optical properties similar to glass (refractive index = 1.45) and it
has a strong adhesion to glass substrates.

The process consists of mixing of a sol, spin-c@atimprinting, and finally demoulding, as
illustrated in figure 4. For the experiment, 3.6fgnethyltriethoxysilane (MTES — 0.1 mol) are
mixed with 5.1 g of HCI (pH = 2.5) and stirred f8rhours. The sol is spin-coated (2500 rpm,
30 s) to produce an 800 nm thin film on a smoo#sglsubstrate. Next, a polydimethylsiloxane
stamp (PDMS, Sylgard 184, Dow Corning) is appliedocthe spin-coated film with a force of
50 N (stamp area4x 3 cnt) at 80 °C for 60 min. During this time, the maaéfills the cavity

of the stamp and cross-links until it reaches &ssthte. The temperature is then decreased to
ambient temperature, the load is relaxed and th@stis removed from the surface, leaving a
pattern with the negative shape of the stamp. Betdithe SSGNIL process are described in
Ref. [15].

In order to facilitate imprinting of the high aspeatio grating lines, the stamp is made as a two-
layer structure: The nanostructures are made kyngas-PDMS ("hard" PDMS) from a silicon
master with grating height of 350 nm, fabricatedC&A-LETI (Grenoble, France) by e-beam
lithography, and the bulk of the stamp is made aft 8DMS [28]. A thin layer of h-PDMS
(ABCR, Germany) is first poured onto the mastegcptl under vacuum to remove possible
entrapped bubbles (1 hour), and cured at 60 °Clfomin. Following this, a thick layer of
PDMS (Sylgard 184) is added directly on the h-PDlslgr and cured for two hours at 60 °C.
The resulting surface pattern of the stamp is farnmeh-PDMS, which avoids collapse of the
structures while the bulk of the stamp consistdlefible PDMS to allow conformal contact
between stamp and samples during the imprint psocEse replicated grating samples are
characterized by atomic force microscopy (AFM) aoednning electron microscope (SEM), see
Fig. 4(a) and (b), where both the height and peoioithe patterns are found to be replicated with
high fidelity. However, shrinkage of the gel durirggoss-linking introduces some edge
roundness which may account for minor discrepamtwéen simulated and measured data.
Aside from the ease of structuring silica sol-g&l manoimprint lithography, an important,
additional advantage of the material is that puteas nanostructures can be obtained by
annealing it after cross-linking at 500°C in oxyggmosphere [15]. This not only increases the
mechanical strength of the silica layer but furtpeomotes adhesion to the glass substrate.
However, it should be noted that structural shriygkéakes place during annealing since all the
organic constituents of the material are remov@®].[ Consequently, the refractive index,
period, and height of the grating lines are afféecd@d must be considered during the design
phase. In order to simplify the simulations of tiadricated grating structures, and to ease
comparison of the optical measurements with theukitions, the annealing process has been
omitted in this study such that the high fideligtlveen grating and master is maintained.

5. Measurement setup

In order to characterize the optical daylightingfpenance of the gratings, the angular
resolved transmitted diffraction efficiency is mesi using a setup as shown schematically in
Fig. 5(a). This setup allows measurement of cootisudiffraction patterns over a 180° span
around the sample. Three lasers with wavelengtis 332 and 661 nm (CrystaLaser DL405-25,
CL532-025 and DL660-025 respectively) are usedgid sources. For the green laser, a Glen-



Laser polarizer is used to improve the polarizatiatio such that all three lasers are >100:1
linearly polarized. Even though the gratings areigieed for application with incoherent,
spectrally broad sunlight, the lasers offer thespmhty to quantify the diffraction effect for
distinct wavelength and polarization states. Sintvasunlight, the lasers have low divergence (2
mrad). The three separate laser beams are combsied dichroic mirrors and then directed
through an aperture to cut off non-Gaussian pdrth@ intensity profile. A broadband half-
wavelength plate (Thorlabs AHWP0O5M-600) is useddntrol the polarization direction. A non-
polarizing beam splitter directs part of the beamatpowermeter (Ophir Novall with PD300
head), which serves as reference of the powerentidn the sample. The sample is mounted on
a rotation stage to control the angle of incidemaze fixed at 30°. See Fig. 5(b) for a definition
of the diffraction angles with respect to the grgtiMeasurement of the spatial distribution of
the light transmitted through the sample is donthwai CCD camera (Spiricon SP620U). The
camera is mounted on an arm that rotates arounshthele using a computer controlled rotation
stage (OWIS DMT100). As a result, the camera cagttine complete diffraction pattern on a
half circle around the grating. In order to operidwe camera in a linear range, the measurement
of the @" order is attenuated by use of a ND3.0 neutral ifembsorption filter. The sensor
active area height is 7 mm and the width is 5.3 nmorder to obtain a continuous image, the
individual measurements are taken with a smalllapemapped to a hemisphere, and then fitted
together based on their cross-correlation [30]a Itypical measurement from —90° to 90° the
distance between camera and sample is 18 cm, anchthera is rotated 1.5° after each image,
corresponding to an overlap of ~54 pixels betwedfac@nt images. Thus the complete
measurement consists of 120 images, each bE2O§- 54 pixels wide, yielding an angular
resolution of 764 pixel/°.

6. Results and Discussion

Figure 6 shows a measurement of the transmittdchdiéd light for the sample with 500 nm
period and 25% disorder. Th& @rder, located at an angle of -30°, has been wated by a
factor of 1000 for better visibility of the diffreed light. The intensity of the red, green and blue
measurements are normalized and therefore nottlgirsmmparable, yet the figure still gives a
reasonable qualitative representation of the dhthg effect for all three wavelengths. For
410 nm light the angle of maximum efficiency issdoto 15°, for 532 nm light at 30° and for
661 nm light at 45°. The angular spread of the paalarger than 30° and therefore yields a
more homogeneous daylighting effect. Since cohdesdr light is used for the measurement,
the diffraction patterns also show fringes duehio-film interference in the silica layer, see the
enlarged region in Fig. 6. These fringes would betvisible for incoherent sunlight, where
instead a continuous light distribution would begant.

For a more detailed analysis of the diffractioniaéhcy, line traces are extracted from
the images in the angular direction. Since theciefficy depends on the polarization of the light,
both TE and TM polarization are measured and thamaged in order to mimic unpolarized
sunlight. The result is shown in Fig. 7 for the rfalifferent grating geometries under 410, 532
and 661 nm light illumination, plotted together withe results obtained by the numerical
RCWA simulations as described above. Again, it &hdae noted that the high frequency
variation in the data is not caused by noise, tigrfierence due to Fabry-Pérot resonances. Since
this effect will not be present under sunlight iitnation, it is not included in the simulation



model. For the benefit of easier comparison betwaeasurements and simulated data, a 0.1°
wide moving average filter is used to suppressetinesonances.

The general trend of the curves shows clear quigbtagreement between simulation
and experiment, in particular validating the SSGdthcess as adequately capable of replicating
the nanoscale period and high aspect ratio gratingtures. As expected, the sample with the
lowest degree of disorder (design K, =4, & =12.5%) shows the most prominent peaks in the
diffraction spectrum. Apart from several broad pealtso very sharp peaks are observed (e. g. at
-5°,19° and 48°). The positions of these shargkpeaincide with the diffraction orders of a
hypothetical grating of uniformM [AA=800 nir periodicity, indicating that the peaks are
introduced by the randomization method. By increg$he disorder (design B4 =2, & = 25%),

the number peaks is reduced, such that the lighedgected into significantly smoothened,
broader maxima and a single sharp peak. The cosgpmabetween the base periods of 400 nm
and 500 nm shows that the longer period causesiéix@ana to separate less and move to smaller
angles, similar to a uniform grating. When the di®o is increased further to 509 (=1) the
redirected light distributes evenly over the raomfe-25° to 75°, for all the three wavelengths.
Since the randomization occurs after each periodgsharp peaks exist in this case. Fig. 7 also
shows for each of the four gratings a photograpthefdiffraction pattern when the grating is
illuminated with white light from a xenon lamp. Heit is seen that design A shows a rainbow
effect since the redirection of the different wavgths does not overlap. In design B the
maxima are broad and homogeneous, however theomaieffect is more pronounced due to the
diffraction angle of the sharp peak being wavelbragpendent (located at 0.1°, 9.2° and 18.5°).
The most prominent color divergence is seen ingie§ with its larger period of 500 nm,
especially at high angles where blue light is hadiffracted to, but a significant amount of red
light is present. Finally, sample D shows broadrestion without sharp peaks and therefore
yields a highly homogeneous white light diffractipattern, making this sample most suitable for
daylighting.

The daylighting efficiencyj,, ;. in, IS Calculated from the measurements and summarized

in Table 2. Typically for all samples, the higheficiencies of approximately 30% are achieved
with blue light. The efficiency is lower for red édgreen light (3% - 15%) which is, however,
not a problem, since there is often a lack of stvantelength light in indoor lighting [32].

Table 2: Measured and simulated daylighting efficies of the samples. The mean value is weighttdtive
spectral sensitivity of the human eye, assumed®200.925 and 0.053 for 410, 532 and 661 nmesgely [31].

Efficiency [%] (meas.) Efficiency [%] (simul.)

Period ¢
[nm]  [%] 410 532 661 Mean 410 410 532 Mean
nm nm nm nm nm nm

400 125 29.5 11.6 3 11,4 486 29 5.7 28,0

400 25 334 11.9 6 11,8 46.7 26.6 10.1 26,0
500 25 31.3 20.7 10.2 20,3 434 323 18.7 31,7
400 50 28.7 157 8.2 155 423 265 146 26,1

By adjusting the period from 400 nm to 500 nmsipossible to increase the efficiency for green
light up to 21% and red light up to 10%. Doing sbgcourse, reduces the amount of light in the
zeroth order, leading to a decisional compromige/éen transparency and daylighting effect.



Even though the simulated shape of the curvesoseb} reproduced in the experiments,
the efficiency of the measurements is 40-60% lothan predicted by the simulations. This
deviation is attributed to two factors. First, fiahtion deficiencies, where incomplete replication
of thin grating lines are observed, and AFM measrgs reveal line roughness and variation in
grating heights. The fabrication factors can berowme by fine-tuning the imprinting
parameters. Second, mechanical damage of the ggadifter fabrication decreases the overall
efficiency. In order to overcome this problem theamanical stability of the silica film can be
increased by using a hard-bake as mentioned in &e&or daylighting applications, the
nanostructures could be protected from mechanealagie by positioning them on the inside of
a double glazing.

The measurements indicate that the efficiency istipmandependent on the disorder,
pointing to the use of varying the degree of disor tune the angular distribution of the light
without affecting the efficiency. Accordingly, thénables the scheme to fulfill the requirements
of specific applications, determined e.g. by rodee,spurpose or trajectory of the sun. As a
result, two major problems that exist for dayligigti applications have been solved: 1)
fabrication of optical nanostructures in a UV-stablaterial rather than polymer films, and 2)
suppression of the "rainbow effect” via the use&lisbrdered gratings. Since the optical effect is
achieved with a thin film grating, the approach t@napplied to a wide variety of planar and
non-planar substrates for applications where tdatiffraction patterns are required.

7. Conclusion

In conclusion, nanoscale disordered gratings angodstrated to enable controlled diffraction of
light into broad distributions over large angulange, thus adding new optical functionality to
transparent substrates. It is shown that the fatioic of these gratings is feasible with both high
structural fidelity and adhesion to glass by ussoattgel nanoimprint lithography. Considering
established methods to remove the organic compotnoas the sol-gel silica via thermal
annealing such that pure silica resides, the pegbasheme not only points to cost-effective
fabrication over large surfaces but also long-t&sntlight stability. For specific designs of
disordered gratings targeted towards daylightingliegtions on window glasses, optimal
parameters are determined by numerical RCWA sinanist namely 350 nm height and 400 nm
period. In order to validate the design and faltiiacaprocess an optical setup is developed,
capable of measuring the complete continuous diffva patterns at high angular resolution of
760 samples/°. Gratings with various degrees afrdex are investigated, and comparing the
measurement results with simulations confirms ttreg diffraction characteristics of the
disordered gratings can be predicted. Average medsdaylighting efficiencies for 500 nm
gratings are 20% and for 400 nm 11% to 16%, depgndn the amount of disorder. Since the
degree of disorder has only small influence onéfieiency, the disorder can be modified to
tailor the diffraction between directional and widdistributed patterns. This feature renders the
disordered gratings well suited to daylighting astber applications that require customizable
light redirection over broad angular range.
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Normal window

Windows with daylighting gratings

Fig. 1 (Color online) (a) lllustration of light drébution inside a room with regular, unstructuredidows. (b)
Daylighting windows comprising, e.g., disorderedtgrgs, cause the light to spread more homogenausiyghout
the room and towards the ceiling. This resultsninnaproved interior lighting during daylight houighe angles of
incident and transmitted light are denogedndd, respectively, both measured from the horizorfiigure adapted
from [19].
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Design A (M =4, A =400 nm, = 12.5%) Design C (M =2, A =500 nm, § = 25%)

Design B (M =2, A =400 nm, & = 25%) Design D (M =1, A =400 nm, & = 50%)

(d)

Fig. 2. (Color online) (a) Disordered gratings ased in order to achieve broadening of the non-aeter
diffraction peaks. For evefy periods, a random shift of Xf2; 0; #./2} is inserted. (b) Diffraction of a 500 nm
periodic grating for light incident at 30° from tkarface normal. The"tand -#' diffraction order for light of
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wavelengths 410, 532 and 661 nm are shown with pesitions at approximately 19°, 33° and 55° retipely. (c)
The same grating with disordered peridd<25%) leads to broadening of the peaks around theitotafor the

uniform grating. (d) Cross-sectional drawings (tals) of the different grating designs which aneestigated. For
illustration, adjacent blocks & periods are shown in black/gray color. The hegjfhthe grating lines is 350 nm.

Glass Silica
substrate sol-gel PDMS h-PDMS

-0 e

80°C 23°C
Material preparation Spin-coating Imprint Demoulding

Fig. 3. (Color online) The fabrication process, sisting of sol-gel preparation, spin-coating of thia-film,
imprinting and demoulding.
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Fig. 4. (a) AFM-generated profile of a disorderedtipg (M = 2). (b) Top view SEM image of a disordered grating
M=2).
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Fig. 5. (Color online) (a) Schematic of the meamest setup. Light from three lasers is combined &nsingle
beam and directed at the sample under a fixed arfigheidence. A CCD camera rotates around the &atop
measure the transmitted diffraction pattern. Eaelsnrement is comprised of multiple images, takigm avsmall
overlap. (b) Detail of the angle definitions. OUisfined as normal to the grating, positive angtasespond to light

which is diffracted towards the ceiling, i.e. cdltites to the daylighting.
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Fig. 6. (Color online) Transmitted diffraction patth of a grating witth = 500 andM = 2, measured separately for
410, 532 and 661 nm TE polarized light at 30° anflecidence (artificial color). The zeroth ordkrcated at -30°,

has been attenuated by a factor of 1000 for bedility of the diffracted light.
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Design A (M =4, A =400 nm, & = 12.5%) Design B (M =2, A =400 nm, & = 25%)
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Fig. 7. (Color online) Curves showing the measwed simulated diffraction results for the four intigated
samples at 410, 532 and 661 nm. For each of thhesBaples, a drawing of the grating and a photdygodphe
diffraction pattern when illuminated with white >amlight is shown on top of the plots.
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