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Abstract. We present a novel method for fabricating precisely positioned small openings in thin silicon 
nitride membranes. Several optical elements for atoms have been constructed, including amplitude 
diffraction gratings and zone plates, and the results of experiments using these devices are presented. 
A method for creating a blazed diffraction grating is discussed. 

PACS: 35.10.-d, 42.25.-p 

Atom optics [1,2] refers to two things: a new point of view 
in which atoms in atomic beams are thought of and manip- 
ulated like photons in light beams, and a growing collec- 
tion of techniques and devices for performing this manipu- 
lation. While some demonstrations of atom optics are over 
20 years old - including diffraction of atoms from crys- 
tal surfaces [3], single slit diffraction [4], and hexapole fo- 
cusing lenses [5, 6] - advances in laser and nanofabrication 
technology have lead to numerous recent demonstrations of 
various types of diffraction gratings [7-9] and zone plates 
[10, 11]. Other recent developments include the demonstra- 
tion of atom mirrors using light and specially prepared sur- 
faces [12, 13]. Recent theoretical developments suggest that 
momentum transfer by light offers several new possibili- 
ties for the construction of coherent beam splitters for atoms 
[14]. It now appears that the field of atom optics is developed 
well enough to allow the construction of devices containing 
several elements working together [15, 16]. 

This paper concerns optical elements for atoms made 
from thin membranes with precisely positioned openings 
for the atoms to pass through. These are essentially ampli- 
tude transmission devices - the optical analog of holes cut 
in black paper. The short wavelength of atomic deBroglie 
waves demands sub-micron size holes, requiring the use 
of nanofabrication techniques. Although we have used both 
gold and silicon nitride nanofabricated devices, here we de- 
scribe only techniques for the construction of the latter. Con- 
stmction of the gold gratings has been described elsewhere 
by its originators [17-20]. 

The first section of this paper describes details of the new 
fabrication process. The subsequent three sections discuss, in 
turn, the construction and performance of our atom diffrac- 
tion gratings, a teclmique to employ electric fields to produce 

blazed diffraction gratings, and results from an imaging ex- 
periment using a zone plate. We conclude by offering several 
speculative comments about the future of atom optics using 
microfabricated structures. 

1 Fabrication 

We have developed a fabrication technique to make thin 
(100-200rim) silicon nitride membranes with precisely pat- 
terned holes of arbitrary shape. The membrane is stretched 
flat against the surface of a conventional 0.25 mm thick sili- 
con wafer which has windows cut in it behind the patterned 
portions of the membrane. The pattern of holes is determind 
by an electron beam writer, and the overall process has been 
used to make patterns with minimum dimensions as small 
as 50nm and overall pattern sizes up to 3 x 0.2mm. An 
important feature of our fabrication process is that there are 
few limits to the pattern that may be written on the window 
except those imposed by the requirement that the membrane 
be self-supporting. The technique has been used to construct 
gratings with periods from 400 to 100nm, as well as single 
slits, double slits, and cylindrical zone plates. All of the con- 
struction using this method was performed at the National 
Nanofabrication Facility at Cornell University. 

Low stress silicon nitride membranes were chosen over 
gold and doped silicon as a structural material for several 
reasons. Gold has little structural strength, which is impor- 
tant for the construction of large scale, uniform structures. 
Fabrication of doped silicon films [21] requires a poisonous 
and corrosive silicon etch (ethylene diamine: pyrocatechol) 
and silicon epitaxial growth facilities. High stress films can 
distort or break when they are perforated. The tensile stress 
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Fig. la-f. Construction steps to produce a patterned, free standing sil- 
icon nitride membrame, a Coat with nitride by LPCVD then pattern 
with photolithography and RIE. b We etch in hot KOH to make win- 
dows. e spin on PMMA then deposit Au. d Write pattern with 50 KeV 
e-beam to expose PMMA. e Apply gold etch then MIBK to remove the 
exposed PMMA (wet development), f RIE through the nitride, leaving 
the completed structure 

of silicon nitride films can be reduced continuously from 
1.2GPa to less than 100MPa by varying the growth param- 
eters (the ratio of dichlorosilane to ammonia) of the low- 
pressure chemical vapor deposition (LPCVD) system [22] 
with some decrease in tensile strength; we used a stress of 

120 MPa, which virtually eliminated problems of ruptures 
during fabrication. 

The fabrication begins (Fig. 1) with the deposition of low 
stress silicon nitride on both sides of a double polished (100) 
silicon waver. The silicon nitride is deposited by low pres- 
sure chemical vapor deposition (LPCVD). A layer of stan- 
dard optical photoresist is applied to what will be the back 
of the chip, and the pattern of windows is exposed on the 
wafer. After development, the nitride on the back is removed 
from the exposed areas of the wafer with a reactive ion etch 
(RIE) of CF4. 

The wafer is then immersed in hot KOH which etches 
each window entirely through the silicon waver, leaving a 
suspended nitride window pane on the front of the wafer. 
This etch removes material with strong preference along cer- 
tain crystal planes of the silicon, so the dimensions of the 
window on the front side of the wafer can be accurately con- 
trolled, provided the window pattern is aligned to the crystal 
planes of the substrate. 

A 120 to 210nm layer of Plexiglas (PMMA) is then 
applied to the front side of the wafer. To prevent distor- 
tions due to charging of the PMMA, a thin layer of gold is 
also evaporated onto the wafer. The e-beam writer (a JEOL 
JBX5DII) then writes the desired pattern into the PMMA. 
The areas in the PMMA that have been exposed by the e- 
beam writer have their molecular structure damaged, so they 
can then be washed away with a mixture of methyl isobutyl 
ketone (MIBK) and isopropanol (IPA). This leaves a pattern 
of PMMA that has not been exposed to the e-beam on the 
nitride window. Up to this point in the processing, all of the 
steps are standard, well known microfabrication techniques. 

The new feature of our method is a direct process for 
transferring the PMMA pattern onto the nitride window. We 
have developed a reactive ion etch recipe [23] that etches 
nitride faster than PMMA, so we can use the PMMA as a 
mask when etching through the nitride window. Using reac- 
tive ion etching techniques is essential since wet chemical 
processes etch non-directionally and can also damage the 
structures due to forces from surface tension. The residual 
PMMA is then removed in an oxygen reactive ion etch. 

The principal advantage of this procedure is that the pat- 
tern transfer to the membrane is performed in one step. This 
increases reliability, shortens processing time, and yields 
higher resolution. Other pattern transfer techniques, such as 
lift-off, which require a transfer of the pattern using a metal 
coating as an intermediary, are more complicated, and pro- 
vide a less direct transfer of the pattern. 

There are several difficulties when writing large area grat- 
ings with electron beam writing. When writing larger area 
gratings, it is hard to keep the grating bars parallel and 
the period constant over the entire area. The e-beam writer 
writes large area patterns by writing small fields (,-~ 80 gm 
square) and then moving the sample and stitching them to- 
gether into a large pattern. The translation stage that holds 
the sample is positioned by a laser interferometer to an ac- 
curacy of ~ 2 nm. 

In the writing process, several sources of stitching er- 
rors occur, which can be divided in two types: those that 
are independent and those that are dependent upon the time 
between when the adjacent fields were written. There are 
several sources of time independent stitching errors. If, for 
example, the sample is not mounted in the plane of motion 
of the translation state, the e-beam pattern is projected onto 
a different plane than intended. This causes the edges of ad- 
jacent fields to be systematically misaligned and introduces 
periodic noise into the actual large scale pattern. Another 
source of time independent errors is due to the software 
correction of imperfections in the e-beam writer's electron 
optics. The system corrects for improper scaling, rotational 
misalignment, and distortions within the writing field; mis- 
corrections, as with sample tilt, produce periodic errors. 

Field stitching errors which depend on time turn out to 
be much more of a problem, and appear to be due to thermal 
drifts during the writing process. Temperature variations can 
alter the distance between the reference mirrors of the posi- 
tion monitoring interferometer and the sample, or can distort 
the e-beam writer housing, moving the lenses and steering 
the beam. These changes will lead to errors in the final posi- 
tion of the e-beam relative to the sample, and will generally 
increase with writing time. 
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We have studied these two classes of errors by writing 
patterns of verniers across field boundaries with and without 
time delays. The errors which are independent of writing 
time are on the scale of 20 nm if care is taken in aligning 
the sample in the sample holder, as this reduces the amount 
of software correction for scaling and rotation. The ther- 
mal drifts can, however, give errors as large as 80 nm over 
10 rain, a typical time to write a large grating pattern. Re- 
ducing these time dependent errors then becomes a problem 
of minimizing the time it takes to write a grating. 

To reduce the writing time, one can use higher e-beam 
currents or stronger e-beam resist/developer combinations, 
as the latter requires a lower amount of e-beam exposure 
for the resist to be reliably removed. Unfortunately, both 
approaches result in lower resolution; higher beam currents 
give larger spot sizes, and stronger developers don't resolve 
fine structures as well. Best results were obtained with 2 nA 
of beam current, and a 1:1 mixture of MIBK:IPA as the 
developer, which reduced writing times for 140rim period 
gratings to approximately 2 min for a 1.5 × 0.05 mm size 
grating. 

2 Diffraction Gratings 

One of the most interesting and versatile atom optics de- 
vices is the diffraction grating, which can serve as an atomic 
beam splitter or recombiner. An elegant way to realize a 
phase grating for atoms is by the use of a standing wave of 
near-resonant laser light [7]. Amplitude transmission grat- 
ings, however, have the advantages of simplicity and the 
ability to diffract atomic and molecular species which do 
not have strong laser-accessible transitions. Both types of 
gratings may also be used to construct a three grating inter- 
ferometer [16, 24]. 

One of the problems faced in the construction of any 
device using one or more diffraction gratings is the total 
fraction of the incident beam intensity that is transmitted. 
This would be maximized if the gratings could be made free 
standing over the entire usable beam height of several mil- 
limeters but, unfortunately, a transverse support structure has 
to be added to stabilize the grating bars. This support struc- 
ture absorbs a significant amount of beam intensity because 
it covers 20% to 50% of the area of our gratings. We have 
found that, for a given support structure coverage, the unsup- 
ported span length of the fine grating bars should be kept 
as small as possible, with several microns of unsupported 
length being acceptable for a 50 nm wide grating bar. 

The width of the slots between the grating bars as a frac- 
tion of grating period (i.e., the open fraction) is another im- 
portant characteristic of the grating. It is possible to obtain 
high resolution pictures of fabricated gratings with a scan- 
ning electron microscope, but we have found that these pic- 
tures do not always correspond to how the gratings look 
to the atomic beam; we have occasionally found gold grat- 
ings which looked good in the electron microscope but were 
opaque to atoms (these gold gratings were not metal coated 
before inspection, so the SEM may not have seen material 
in the slots). The best diagnostic that we have to investigate 
the open fraction seen by the atoms is the atomic diffraction 
pattern itself. Figure 2 shows diffraction patterns produced 
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Fig. 2a, b. Diffraction of an atomic beam from a free standing 200 nm 
period diffraction grating. The data in a was taken with a gold grating 
built at the MIT Submicron Structure Lab. The theoretical fit is for an 
open fraction of 39%: The data in b was taken with a silicon nitride 
grating constructed at the National Nanofabrication Facility at Comell 
University. The fit is for an open fraction of 33% 

by 200 nm period gratings built with different methods and 
having different open fractions. The diffracted sodium beam 
has a deBroglie wavelength of 16pm. The open fraction of 
the diffraction gratings seen by the atoms determines the rel- 
ative heights of the diffracted orders, as the modulation of 
the intensity in each order is given by the single slit pattern 
formed by each slot between grating bars. 

The fits shown in Fig. 2 convolve the theoretical diffrac- 
tion pattern and an instrumental profile that is determined by 
a gaussian fit to the zero order diffraction peak. The relative 
heights of the various diffracted orders are thus determined 
by one variable, the open fraction of the grating. Although 
adjustment of the open fraction value gives a clear best at 
with only ~-, 1% uncertainty in the value, it is not possible 
to fit the diffraction data to within experimental error. Ad- 
ditional averaging in the fit due to the 12% velocity width 
of our atomic beam does not significantly reduce the strong 
disagreement in the heights of orders that we predict to be 
strongly suppressed using the best fit to the open fraction. 
The most likely source of this disagreement is due to small 
variations in the size and placement of the actual openings 
in the grating; this noise causes the opening to vary from 
the average size (which would produce essentially zero am- 
plitude in the strongly suppressed order). We feel that the 



372 C.R. Ekstrom et al. 

open fraction that we get from the fitting process represents 
a good mean open fraction value for the grating. 

3 Blazed Gratings 

In addition to varying the open fraction of the grating, the 
intensity in the various diffracted orders could be selectively 
increased by using blazed gratings. In classical optics, the in- 
tensity of the various diffracted orders produced by a blazed 
diffraction grating is tailored by systematically varying the 
plate thickness so that the phase of the transmitted wave 
varies across each grating element. Analogously, to make 
a blazed grating for atoms, we need to vary the phase of 
the atomic wave function over the opening between grating 

bars .  
We propose to create this phase shift by applying electric 

fields that vary in magnitude over the width of the slots in 
the diffraction grating. These electric fields could be created 
by metallizing the front and back of the grating and then ap- 
plying a voltage between the metal electrodes (Fig. 3). The 
electric field in the slots causes energy shifts in the atoms 
(the dc Stark shift). The potential (U) is much smaller than 
the incident energy (E) of the atoms (U /E  = 10-3-10-4), 
so an eikonal approximation [25] can be used to calculate 
the phase shift given to an atom traveling through the slot 
in the z direction a distance x from the center. In this ap- 
proximation 

/ / 1 / 
¢(x) = kdz - kodz ,~ ~vo U(x, z)dz ,  

x x x 

where v0 is the incident atomic velocity, and k0 is the k 
vector of the atoms when U = 0. Focusing or defocusing 
of the atoms (i.e., blazing of the grating) results because ¢ 
depends on x. 

We have calculated the effects of such a blazing poten- 
tial for a 200 nm thick grating on a sodium beam with a 
deBroglie wavelength of 16pm. The phase shift across the 
slot ¢(x) fits a parabola to within 4%, except for ~ 1/12 
of the slot width closest to either slot edge (near the elec- 
trodes). The use of a parabolic functional form in our cal- 
culations was motivated by the desire for a simple form 
that would fit the data and allow an analytic solution of the 
single slit integral. We calculated the single slit diffraction 
pattern analytically for one such slot, allowing for the spa- 
tially varying phase shift (the fitted parabola), as a function 
of the applied voltage. This modified single slit pattern then 
is used a form factor to determine the intensities in the vari- 
ous diffracted orders. The results of our calculations appear 
in Fig. 4, where we show the intensities in various diffracted 
orders as a function of applied voltage. Because the phase 
shift is symmetric about the center of the slot, the positive 
and negative diffracted orders have the same intensities. 

An advantage of blazing is that it allows the use of wider 
slots for a given grating period, because the intensity in the 
diffraction pattern can be tuned with the applied voltage as 
intensity normally sent to the zero order is diffracted into 
higher orders. This results in more total transmitted inten- 
sity due to the lower overall opacity of the gratings, well as 
the larger intensities in the higher orders. This can be seen 

phase shift q ~ ~  
across slots 

x x 

\ 

l 

Atomic beam 
Fig. 3. Cross section of several grating bars of a blazed atom grat- 
ing. Hatched areas are silicon nitride. The potential difference (V) to 
produce the electric fields is applied between the front and the back 
electrodes. The electric field lines, shown between the grating bars, lead 
to varying phase shifts at different positions across each slot (insets) 
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Fig. 4. Predicted intensity in various orders of our sodium beam dif- 
fracting through a 200 nm thick blazed grating with an open fraction 
of 80%. The horizontal axis represents the voltage applied between 
the front and the back of the grating. The two horizontal dotted lines 
represent the intensities of the zero and first order maxima (labeled by 
0 and 1 respectively) of an unaltered 50% open grating 

in Fig. 4, where the first order diffraction of the 80% open 
grating at a blazing voltage of 2.8 V is approximately 1.6 
times that of an unaltered 50% open grating. Intensities in 
higher orders can be increased even more dramatically. For 
example, the second order diffraction of the 80% open grat- 
ing at 3.3 V is almost as large as the first order diffraction in 



Atom Optics Using Microfabricated Structures 

the unaltered 50% grating (which has the largest first order 
peak of  any unblazed grating). 

4 Zone Plates 

Zone plates for atoms have been constructed [10, 11,21], 
demonstrated [10], and studied [11] by several groups. Both 
spherical [11,21] and cylindrical [10] zone plates have been 
built. We give here a discussion of our experimental re- 
sults first presented elsewhere [10]. The objective of  the 
experiment was to image an aperture (one of  our collima- 
tion slits) onto our detector using a cylindrical zone plate. 
The atomic beam was a seeded supersonic nozzle beam of 
sodium in an argon carrier gas. The expansion of  the carrier 
gas gave the beam of sodium a narrow velocity distribution 
(Av/v = 12%), and a wavelength of 16pm. The beam illu- 
minated a 20 gm wide collimation slit (Fig. 5). A cylindrical 
zone plate (130gm wide by 500gm tall) was placed 1.5m 
after the slit, and imaged the slit onto the detector plane, 
located 0.9 m downstream. The sodium atoms were detected 
after they surface ionized on a moveable 25 gm hot wire. 

We have performed a complete numerical simulation of 
the performance of  our zone plate using a procedure which 
has been described in detail elsewhere [26, 27]. Briefly, we 
calculate the sum of amplitudes at the detector plane gen- 
erated by a point of the illuminated collimation slit passing 
through all the open parts of the zone plane, then sum the 
intensities for different locations in the slit and over a dis- 
tribution of  velocities. 

The result of this simulation appears in Fig. 6, together 
with the experimental reults. The curves were adjusted by 
using only the mean position and total intensity of the ex- 
perimental and calculated images. The experiment was not 
set up in a way to make it possible to get an accurate fig- 
ure for the amount of  incident intensity in the image. The 
experimental results show a clear central peak, indicative of  
considerable focusing by the zone plate. The measured im- 
age, however, has more smoothing and greater width than 
calculated. There are several factors that could artificially 
enhance the observed image width. A narrowing of all open 
areas by a constant amount would cause the intensity of  the 
zero order pedestal to fall off roughly as the inverse of the 
distance from the center of  the image (but would not ap- 
preciably widen the central peak). A narrowing of  this type 
large enough to account for the almost total suppression of 
intensity at the edge of the zero order pedestal is larger than 
we feel is reasonable to attribute to the fabrication process. 
A slight bend or tilt in the detector wire could also broaden 
the predicted sharp edges. 

One thing that is obvious from the simulation of the cylin- 
drical zone plate lens is that an unblazed amplitude zone 
plate is a very inefficient piece of  atom optics, making an 
image containing only about 11% of the intensity of the im- 
age formed by an ideal lens. Thus, in our experiment, the 
pattern expected from a non focusing aperture with the same 
width as the zone plate exceeds the peak intensity expected 
with the zone plate in place (see Fig. 6). This intensity loss 
would seem to rule out the practical use of  zone plate lenses 
except in a few special applications (e.g., to make an achro- 
matic atom lens [2] or an atom microscope). 
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Fig. 5. Experimental setup used for imaging a 20gin wide slit onto our 
hot wire detector using a cylindrical zone plate 
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Fig. 6. Experimental data (points) showing the image formed by a zone 
plate lens (the line joining the points is solely to guide the eye). Curve a 
is the theoretically predicted pattern formed by the lens (assuming a 
1/2 density support structure), and b is the pattern predicted if the zone 
plate is replaced by a slit of identical size. The curves were adjusted 
by using only the mean position and total intensity of the experimental 
and calculated images 

The performance of  an amplitude zone plate is deter- 
mined almost entirely by the size of  the smallest feature 
s (the size of the slots or bars at its outer edge): This de- 
termines the maximum first order diffraction angle for a 
deBroglie wavelength )kdB , of 0 m : /~dB/28, and directly de- 
termines the f-number,  f = 1/20m = s/AdB. The focal spot 
size is A,mf ~ s, so it is not improved (unlike the f number) 
by using a slow atomic beam (we have assumed s << AdB). 
The maximum transverse momentum transfer of  the lens is 
p± = h/2s, corresponding to a maximum transverse tem- 
perature that can be focused [281 of p~/2ra (~ 42 gK for 
sodium atoms, assuming s = 50 nm). 

5 Future Directions 

There are several promising areas to explore with fabricated 
amplitude structures for atom optics. These include better 
diffraction gratings with smaller periods and larger areas, 
blazed diffraction gratings, and more general atom holo- 
grams. 

We have recently completed an attempt to construct fine 
period, large area diffraction gratings for our atom interfer- 
ometer experiments. We have constructed grating periods as 
small as lOOnm that have ~ 35nm free standing bars. To 
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write smaller periods at more reasonable grating open frac- 
tions will require less e-beam current to get a smaller spot 
size. Since this will increase the writing time, thermal drifts 
in the e-beam writer will become a severe problem. Perhaps 
moving to a field emission version of the e-beam writer or a 
return to optical holographically written gratings using UV 
light [17-29] will be necessary to make uniform large area 
gratings with fine periods. 

As the far field diffraction patterns produced by gratings, 
single slits, and double slits are simply the Fourier trans- 
form of the pattern itself, there is no reason not to tailor the 
e-beam written pattern to make more complicated images in 
the far field (or indeed in the intermediate field). With the 
addition of lenses and slow, bright atomic beams, one has all 
of the tools to do holographic atom printing onto a snbstrate 
[30]. This would be analogous to reduction printing in stan- 
dard photolithography. With the rapidly growing collection 
of atom optics elements, atom beam experiments may soon 
be used even in the construction of micro-structures. 
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