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taining high dif
fraction efficiency 
with large deflec
tion angles is a 
challenge in design 
and fabrication of 
tomorrow's DOEs. 

We have devel
oped methods for 
the synthesis and 
fabrication of DOEs, 
called "blazed-
binary" DOEs 
hereafter, which 
substantially out
perform conven
tional blazed-
échelette DOEs in 
the resonance do
main. In our ele
ments, each period 
(or zone) is com
posed of binary 
n a n o - p i l l a r s 
arranged on a 

square subwavelength grid and etched in a dielectric 
material (see Fig. 1). 

By monitoring the local fraction of matter removed, 
we implement continuous phase delays and obtain 
strong blazing effects. The design exploits the analogy 
between subwavelength gratings and artificial dielectric 
materials.2 The analogy is accurate when the distance 
between the subwavelength period of the square grid is 
smaller than some structural cut-off related to wave 
propagation in the nano-pillar region.3 

Only one lithographic step is necessary for the fabri
cation. The process involves electron-beam lithography 
in a polymethyl methacrylate film, lift-off with an inter
mediate Nickel layer, and reactive ion etching of a TiO 2 

film evaporated on a glass substrate.4 The lift-off tech
nique is used to enhance the selectivity and the fidelity 
of the pattern transfer during the etching. 

Two binary-blazed DOEs with square-grid periods 
smaller than the structural cut-off have been designed, 
fabricated, and tested. The first one, a 3 λ-period (20° de
flection in air) blazed-binary grating, is shown in Figure 1. 
For unpolarized light at 633 nm, the experimental diffrac
tion efficiency in the transmitted first-order is 82%, a val
ue 6% below theory. The grating behavior is nearly inde
pendent on polarization; the first-order efficiencies are 
80% and 84% for TE and TM polarizations, respectively. 
As a matter of comparison, the maximum theoretical dif
fraction efficiency achieved by a transmission échelette 
grating in glass blazed in the first-order with a 3λ-period 
is 66.5%. Our second DOE is a 20° off-axis diffractive lens 
with a focal length of 400 μm, and a square pupil of 
200 X 200 μm 2. The minimum and maximum zone 
widths are 1.91 λ and 8.83 λ, respectively, and half of the 
lens area is concerned with zone widths smaller than 
2.8 λ. When measured with a vertical-cavity-surface-emit

ting laser emitting a Gaussian beam circularly polarized at 
860 nm, a first-order diffraction efficiency of 80% is ob
tained. In addition to efficiency, the inspection of the 
point-spread function reveals a good operation. 
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Gaussian Wave Packets in Resonant 
Diffraction Gratings 

Frank Schreier, Martin Schmitz, and OIof Bryngdahl, Physics 
Dept., Univ. of Essen, Essen, Germany. 

R esonant diffraction gratings are frequently used as 
convenient and flexible wavelength filters since 

they offer a reflectance >99% for their central wave
length, whereas far off the central wavelength the re
flectance can fall below 1%. The central wavelength can 
be adjusted by the choice of the angle of incidence, and 
the FWHM of the filter can be fixed over a wide range 
during the design process. Resonance effects occur due 
to the coupling of the incident wave to guided modes 
supported by a waveguide layer of the structure. Nu
merical considerations concerning resonant gratings are 
usually carried out under the assumption of an incident 
plane wave. 

We numerically investigated the spatial behavior of a 
Gaussian beam1 and the temporal behavior of a Gauss
ian pulse2 incident on a diffractive structure under reso
nance conditions. Two different geometries are consid
ered: a waveguide grating, where the relative permittivity 
of a guiding layer exhibits a sinusoidal modulation (see 
Fig. la, page 22), and a waveguide structure, where the 
waveguide layer is separated from a substrate by a gap 
layer with low relative permittivity (see Fig. lb). The 
coupling mechanism that results in a resonance is differ
ent for the two geometries presented. It was demonstrat
ed that in both geometries a beam may undergo a lateral 
displacement, similar to the Goos-Hänchen-shift, which 
can grow as large as the order of the beam width; for a 
beam having a half-width of 9.3 mm, a lateral displace
ment of 5.2 mm has been observed. This displacement is 
several orders of magnitude larger compared to the 
Goos-Hänchen-shift. Additionally it is shown that only 
the given beam width imposes a restriction on the maxi
mum achievable displacement. 

Lalanne Figure 1. SEM of a blazed-binary grating 
composed of subwavelength pillars etched in a 
TiO 2 film deposited on a glass substrate. The hori
zontal period (or sampling period) is equal to 
272 nm and the period in the perpendicular direc
tion is 1.9 μm. The grating depth is =816 nm and 
the maximum pillar aspect-ratio is =8.8. 
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A close analogy between the spatial and the temporal 
properties is established, giving rise to analogous effects 
in the time domain. The lateral displacement corresponds 
to a temporal delay. Under resonance conditions a pulse 
incident on the structures can be subject to a temporal 
delay that can reach the order of the pulse duration; for a 

pulse of 100 ps dura
t ion a delay o f 40 ps 
can be achieved. More
over, negative delays are 
possible: the maximum 
of intensity o f a dif
fracted pulse can ad
vance the maximum of 
intensity o f the i n c i 
dent pulse. For this ef
fect to occur, the dif
fraction efficiency has 
to be small; otherwise, 
the effect will result in a 
violation of causality. 

F o r b o t h s t ruc 
tures, geometr ical or 
mater ia l parameters 
were f o u n d that a l 
lowed cont ro l o f the 
m a x i m u m d isp lace 
ment and delay over a 
wide range. It is ex
pected that the effects 
described can find nu
merous appl icat ions, 
e.g., integrated optics. 
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m o s t the same a c c u r a c y as u s i n g phase sh i f t ing 
techniques. 

In conventional speckle interferometric techniques 
an initial frame with the object in its undisturbed state 
is subtracted from the frame where the object is dis
turbed. Thereby spatial modulation of the speckle field 
is obtained (correlation fringes) where speckles that 
have not changed get eliminated and speckles that have 
changed generate a signal. To obtain better accuracy, 
phase shifting routines have been incorporated where 
accuracy in the range λ / 2 0 is achieved. 

A method proposed quite recently extracts information 
about the object deformation using temporal phase evalu
ation in a method called temporal speckle pattern interfer
ometry (TSPI). The basic experimental setup is similar to 
conventional speckle interferometric techniques with sen
sitivity to in-plane or out-of-plane motion, but, in addi
tion, rigid body movements are also measured. The light 
scattered from the object is imaged onto the sensor of a 
high-speed C C D camera, and interferes with a reference 
beam that is collinear to the object beam. A large number 
of frames (e.g., 1024) of the speckle field is recorded over 
time as the object is being continuously deformed. Observ
ing the intensity modulation, which is sinusoidal for a 
given speckle thus obtained, provides the temporal 
evolution related to the movement of the object at a corre
sponding point. The upper limit on the modulation fre
quency is set by the Nyquist criterion and is half the total 
number of frames used in the recording. By analyzing this 
time dependent signal, object deformation ranging from a 
few to a few hundreds of microns can be determined. 

Schreier Figure 1. Resonant di f f ract ive s t r u c t u r e s . 
(a) Wavegu ide grat ing with a period equal to 0.8 λ . (b) 
Single-mode wavegu ide s t ruc ture . 

I N T E R F E R O M E T R Y 
Temporal Speckle Pattern Interferometry 

C. Joenathan, Dept. of Physics and Applied Optics, Rose-
Hulman Institute of Tech, Terre Haute, IN; P. Haible and H.J. 
Tiziani, Universität Stuttgart, Institut für Technische Optik, 
Stuttgart, Germany. 

In recent years, speckle techniques have been pro
pelled f rom scientific to industrial environments 

due to rapid advancements in computer technology 
and its peripherals. In many ways, the limited use of 
speckle techniques is set by its relatively high sensitivi
ty, thereby only displacements in the range of 5-6 μ m 
can be measured. Recent developments to record the 
temporal fluctuation of speckles rather than changes 
in spatial distribution have rendered the possibility of 
measuring large displacements over 100 μ m with al-

Joeathan Figure 1. (a) 
A 3-D plot of a rubber 
d iaphragm cont inuously 
and uniformly pressure 
loaded in a s ingle-beam 
il lumination s p e c k l e 
interferometer. The dis 
p lacement of the object 
at the center is 7 0 m m , 
wh ich e x c e e d s the upper 
limit set in convent ional 
s p e c k l e interferometry 
us ing e lec t ron ic p r o c e s s i n g . The a c c u r a c y of the deformat ion measure
ment is l ess than half the wave length of light u s e d in the exper iment . 
The d a t a w a s f i l tered with a s p i k e removing filter of 5 x 5 , w h i c h el imi
nated 0 .1% of the p ixe ls . T h e rubber d iaphragm has a ridge that is 
harder than the other regions and therefore l ess de fo rmed . The de fec t is 
p r o n o u n c e d in the plot showing the potent ia l use of th is m e t h o d for NDT 
app l i ca t ions . (b) The s h a p e of an M 1 2 bolt m e a s u r e d by object rotat ion 
in a dual b e a m i l lumination s p e c k l e interferometer . The 3-D plot shown 
here is only sp ike f i l tered. The height of the object is m e a s u r e d with the 
new method of ana lys is with 1% a c c u r a c y . ( S e e co lor i m a g e , p a g e 15.) 
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