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A fabrication process has been developed for making free-standing gratings of silicon nitride.
These structures are critical components of an atom interferometer, which uses four gratings as
coherent beam splitters of atom waves. The quality of gratings necessary for an interferometer is
considerably higher than is needed to demonstrate the diffraction of atoms. In particular, the
gratings must be phase coherent over their entire area. This implies that the grating lines must be
straight to the order of their linewidth over the full extent of the grating. In addition, the open
fraction of the grating structure is more critical for an interferometer. In this paper the
development of new fabrication techniques that were used to make free-standing gratings with
periods as small as 100 nm and support structure open fractions as high as 0.8 were reported on.
To achieve depth-to-linewidth ratios greater than 4:1 with grating periods as small as 100 nm a
selective, highly directional reactive ion etching {RIE) process has been developed.

. INTRODUCTION

Atom optics are optical systems that are based on the manip-
ulation of atom de Broglie waves. During the last decade
there have been exciting developments in the use of near-
resonant laser light to manipulate atoms; and various sys-
tems such as slowers, diffraction gratings, and lenses have
been successfully demonstrated. Recently, passive optical
elements for atoms have been developed, which are based on
the transmission of atoms through free-standing microstruc-
tures. This paper is primarily concerned with fabrication
techniques that we have developed to make such structures.

We have previously reported the diffraction of atoms by
transmission through a free-standing grating.! This has been
repeated with substantially different technology by Carnal er
al.,” who subsequently realized a Young’s double slit inter-
ference experiment for He atoms. We have just demonstrat-
ed an interferometer for atoms that uses three 0.4 gm-period
transmission gratings.® In this paper we describe new fabri-
cation methods that we developed to make gratings of suffi-
cient quality for use in our interferometer.

Fabricated structures similar to those reported here have
been developed for x rays and neutrons.* Phase gratings can
be used for x rays and neutrons; but since a free atom with
thermal velocity has a tunneling depth of less than an atomic
diameter, only amplitude gratings are possible for building
atom optics.

The quality of gratings necessary for an interferometer is
considerably higher than is needed to demonstrate diffrac-
tion of atoms. In particular, the gratings must be phase co-
herent over their entire area. Operationally, this means that
it must be possible to align two closely spaced gratings so
that the resulting Moire pattern has a period larger than the
active area of the gratings. This implies that the grating lines
must be straight to the order of their linewidth over their
length, and that the grating period be constant to the order of
the grating period over the width (across grating lines) of
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the _graﬁng. The transmission of the grating support struc-
ture {necessary to achieve the required line straightness)
should be high since the final interference signal will be pro-
portional to the third power of this transmission. In addi-
tion, the grating line to space ratio must be near 1:1. The
interference contrast is maximized if the grating nearest the
source has a line to space ratio (i.e., opaque:open) of 0.65,

-while the other two gratings have equal widths of lines and

spaces.

Lenses for atom beams can be constructed by making
gratings with a period that varies linearly with the distance
from the beam’s axis. Such lenses are called amplitude (as
opposed to phase) zone plates. We have fabricated cylindri-
cal lenses with a focal length { /) of 60 cm for a wavelength
(A) of 16 pm. If dis the distance from the center of the lens to
a transparent zone, then d satisfies

2nm < 27/A)(d? /2N < (20 + D,

where n is a non-negative integer. We also made the compli-
mentary structure, in which the primary beam is blocked.

Techniques similar to ours have been used to make phase
zone plate lenses for x rays.” Recently, Tennant, ef g/.® have
constructed a spherical zone plate for atoms. Their fabrica-
tion method is similar to ours, except that they used a Si
membrane (rather than nitride) and a more complex etch
process.

. FABRICATION

Qur grating fabrication process consists of three steps (see
Fig. 1). First, tensile membrane windows of silicon nitride
are formed on a silicon wafer. The windows are then coated
with polymethylmethacrylate (PMMA), which is exposed
with the grating pattern using 50 kV electrons. Finally, the
pattern is transferred from the resist to the nitride by reactive
ion etching (RIE). The chief difficulties are with distortions
in the e-beam writing system, and the insufficient selectivity
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of the RIE process. Gur process is similar to that developed
by Lee,” who fabricated free-standing nitride wires using
direct writc e-beam with a positive resist. -

We start with a 250 gm thick, 3 in. diam silicon wafer with
a (100) orientation, which has been polished on both sides.
The wafer is then coated on both sides with amorphous sili-
con nitride (81, N, }, which was deposited via low pressure
chemical vapor deposition (LPCVD) from a source gas
mixture of dichlorosilane (SiH, Cl, )} and ammonia (NH, ).
Both stoichiometric and silicon-rich silicon nitride films
were employed in this work. Stoichiometric nitride is depos-
ited at 800 °C from a 1:3 ratio of SiH, Cl, to NH,. Nitride
produced in this process forms a stiff (elastic modulus
~3x 10" Pa) material having good characteristics for mak-
ing membrane structures with accurate geometries. How-
ever, the residual stress in the film is on the order of 1.2 GPa,
which coupled with the film’s brittleness, can be high
enough to cause the nitride windows to break during pro-
cessing. Thus, we also investigated silicon-rich low stress
nitride films. The low stress LPCVD films were produced by
increasing the deposition temperature to 850 °C and increas-
ing the SiH, Cl,:NH; ratio to 4.5:1. Low stress nitride has
about one-tenth the internal siress and about one-half the
tensile strength of stoichiometric nitride.® In this work we
use 160 nm thick stoichiometric nitride and 210 nm low
stress nitride.

The windows are made by first patterning the nitride on

LPCVD silicon nitride

silicon —3 L

| photclith., RIE window

wet etch in hot KOH

nitride <L 7 \ |

PMMA & —=» Spin on PMMA then

Au

deposit Au

50 KeV e-beam
575 =,1C/cm2

200 pA

Au etch, then
develop in
MIBK:IPA 1:3

RIE
CF+H
47

F16. 1. Schematic of the grating fabrication process.
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the back side of a wafer, and then using a directional etch to
remove the exposed 8i, leaving the membranes. The nitride is
patterned by contact photolithography followed by RIE in
CF, . In order to achieve accurate control of the membrane
dimensions it is critical to align the mask with the crystal axis
of the wafer. Finally, the silicon is etched eiched in a 93 °C,
4M KOH solution, which etches about 50 times faster in the
{100) direction than it does in the (111). Silicon wafers 10
ml thick are etched through in ~ 130 min. Surprisingly,
overetching by as little as 109 may destroy the membranes,
even though the nitride thickness is reduced by less than 5%
during the full etch time. We made windows in two sizes,
40X 750 and 120 500 xm in both high and low stress ni-
tride.

The wafer is prepared for e-beam exposure by coating it
with ~ 170 nm of PMMA, and then with 15 nm of Au. The
nitride windows are not normaily damaged by the spinner
chuck vacuum. A gold coating was needed to reduce writing
distortions caused by charging of the substrate during e-
beam exposure. After exposure the Au is removed with a
KI/I mixture, and the exposed PMMA is developed with
methyl isobutyl ketone and isepropanol (MIBK:IPA, 1:3).

The performance of the clectron beam writing system is
the single most important factor determining the grating
quality. We require that the e-beam system write patterns
that are coherent over large areas. Roughness and continuity
of the individual lines affects the fringe contrast, but is less
important than the overall coherence of the grating. Re-
quirements of stitching and drift for large-area coherence are
significantly different from the tasks for which the e-beam
system is optimized, and are similar to the requirements for
large-area optical gratings.

In the JEQL JBX 5DII e-beam writer that we used, a 50
keV beam is focused to a ~20 nm spot within an 80 < 80 gm
(“U” mode) field. Grating coherence is compromised by
writing field distortions and by field stitching errors. The
stitching error between adjacent fields is ~ 30 nm. The net
placement drift is dependent on the writing time, but is esti-
mated to be less than 50 nm. Field stitch errors arise from
thermal drifts in the workpiece dimensions, thermal drifts in
the beam column, gain and rotation calibration errors, and
variations in the height of the wafer relative to the focal plane
of the lens. Thermal drift problems are significant because
we require length stability of ~20 nm over lengths of ~20
cm (10 7) during the ~ 10 min writing time for a single
grating.

We attempted to mitigate the effects of e-beam writing
errors using several methods. The thermal drift problems
can be reduced by using the largest possible current, and by
arranging the exposure job so that single gratings are written
using successive fields. Distortions due to charging cannot
be removed by the automatic lens distortion corrections.
This problem is not usually encountered for solid substrates,
but we found that it caused ~ 50 nm subfield stitching errors
with our thin insulating membranes. This was easily solved
by coating the PMMA with 15 nm of gold.

We assessed the field stitch errors by writing small sec-
tions of grating at the field intersections, and then reading
the relative errors with a scanning electron microscope
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(SEM). Because the errors were almost exactly the same (in
magnitude and direction) at each intersection, independent
of the time spent between patterns, we concluded that most
of the residual errors are caused by wafer height variations
and/or calibration errors, rather than by thermal drifts. The
effect of these errors on grating performance is much worse
if the e-beam stage motion is perpendicular to the grating
lines. We were able to reduce the effect of the height vari-
ation errors by defining our patterns so that the motion of the
e-beam stage is paraliel to the grating lines. In the future the
errors caused by the tilt of the work piece could be reduced
by sensing the position of calibration marks on the wafer
itself, and using these positions to correct for wafer tilt and
thermal drift under automatic control.

We have also fabricated gratings using a larger working
distance (“F") mode, which allows use of 750X 750 um
writing fields. To obtain the same electron spot size at the
longer working distance we use only half the exposure cur-
rent. This method removes field stitching errors at the ex-
pense of increased distortions due to thermal drift during the
longer exposure times. We have not yet compared the coher-
ence of the large-field gratings with that of the smail-field
gratings.

In the final step of the fabrication process, reactive ion
etching is used to transfer the pattern from the PMMA
through the silicon nitride. Normally there is poor selectiv-
ity when etching silicon nitride with a PMMA mask, and it is
difficult to expose a PMMA grating with an aspect ratio of
more than about 2. Therefore, to maintain high resolution
with a thin PMMA imaging layer we require an etch ratio of
at least 1:1.

With these requirements in mind we have developed a
more selective RIE chemistry by systematically measuring
the etch rates for various gas mixtures. We concentrated on
varying the ratio of C to H in mixtures of CHF,, CH,, and
H, . Our final process uses 5 sccm of H, and 42 scem of CF,,
at a pressure of 15 mTorr with a dc bias of 300 V. Measured
etch rates were 29 nm min -~ ' for nitride (high or low stress)
and 16 nm min~ ' for PMMA,; that is, the process allows an
etch rate ratio of 1.8:1. Increasing the amount of H causes
the PMMA etch rate to drop, possibly due to hydrocarbon
deposition; increasing the H fraction also increases the selec-
tivity.

The grating structures tend to fail near the end of the RIE
processing; this is due to cracks that form at stress concen-
trations and propagate across the membrane. As expected
this problem is less severe in the low stress nitride; neverthe-
less, it proved important to devise grating patterns that re-
sulted in less stress concentration. We accomplished this by
using smaller support structure periods and by writing grat-
ing patterns that extended over the edges of the silicon win-
dow. With 4 um period support structures we were able to
make 0.2 ym period gratings in both high and low stress
nitride. We made gratings with periods of 0.4, 0.2, and 0.1
pm in low stress nitride with support structure densities as
low as 20%.

Fresnel zone lenses were patterned in the 120X 500 ym
windows, using methods nearly identical to those described
for gratings.
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lil. TESTING

SEM micrographs of a completed grating and lens are
shown in Fig. 2. We can assess the directionality of the RIE
process by comparing the back and front sides of a grating.
Even the 0.1 um period gratings looked good on the reverse
side, apparently indicating an etch directionality of at least
5:1. The SEM provides good diagnostics of the relative e-
beam stitching errors, but it cannot accurately assess the
grating coherence or the transmissivities for atoms.

Our atomic beam is a supersonic nozzle beam of sodivm in
an argon carrier gas. Adiabatic expansion of the gas after it
leaves the nozzle results in a fairly monochromatic beam:
Av/v = 12% with v = 10°> m/s. The sodium has the same
velocity as the carrier gas, giving it a de Broglie wavelength
of 16 pm. The beam is collimated by two 20 zm slits spaced
0.9 m apart to form a 1 mm X 20 gm ribbon-shaped beam
with a divergence of 20 pyrad. Individual sodium atoms are
detected after surface ionization on a 25 um diam hot wire
(80% Pt, 209% Ir alloy) located 1.6 m downstream from the
second slit.

Figure 3 shows the diffraction pattern formed by a single
0.2 pm period grating. The image was made by using two
collimating slits and placing the grating directly after the
second slit. The detector was then scanned transversely to

3 % S iy

Fi1G. 2. Gratings and zone plates. The grating period is 0.2 ym, the zone
plate is 130 um wide and has a focal length of 0.6 m at / —~ 20 pm.
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F16. 3. Diffraction pattern formed by a 0.2 gm period grating. Data was
taken at 2 sec of integration per point. The line joining the data points
merely connects the dots. Note the suppression of even orders due to the
nearly equal line to space ratio of the gratings.

image the interference pattern. The transmissivity of the
grating (total transmitted flux over incident flux) is caicu-
lated from the the measured ratic of unobstructed beam to
zeroth-order diffracted beam. We commonly achieved
transmissivities of over 35%-—a factor of 3 better than we
were able to obtain with the earlier holographic lithography
technigue. The 0.4 and 0.2 gm period gratings performed as
expected, but unfortunately we observed no transmission of
atoms through the 0.1 #m period gratings, despite the prom-
ise of the SEM images.

The lenses were tested in our atom beam machine config-
ured without the second slit, so that the lens formed an image
of the first slit at the detector plane. The results are disap-
pointing (Fig. 4). We do not understand why the measured
beam profile does not resolve the interesting structure of the
focal spot. This structure is the sum of two components: the
zeroth-order transmission through the lens grating, and the
focused spot.

The most important test of the gratings is their use in an
atom interferometer. The interferometer tests both their
transmissivity and coherence. Our interferometer contrast
was 13% in a configuration in which a numerical simulation
of the experiment indicated the contrast should have been
23%. This implies that the lines are straight and have a uni-
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Fi6. 4. Data and and numerical model output showing the focused spot
formed by a zone plate lens. The crosses are the experimental data (the line
joining them is solely to guide the eye). The lines are theoretical: the lower
curve is the pattern formed by the lens (assuming a one-half density support
structure,) the upper curve is the pattern formed when the lens is replaced
by a slit of identical size. The model is fit to the data using only the mean
position and integrated area of the beam.

form period to an overall average accuracy of one-half peri-
od or 200 nm. Details of the interferometer measurements
are presented elsewhere.®

IV. CONCLUSIONS

We have made and tested high quality free-standing grat-
ings by a new technique. These gratings have been used to
build the first split-beam interferometer for atoms. It seems
likely that this fabrication method could be used to produce
free-standing gratings for atom optics with periods of less
than 0.1 gm and areas of ~ 107 mm®. The e-beam process
could be scaled to larger-area gratings (and still meet the
strict requirements of coherence) by using faster resist, a
higher brightness electron source, and more strict deflection
calibration. However, gratings larger than ~0.5 mm’ are
probably beyond the abilities of electron-beam lithography,
and would require the use of holographic and/or x-ray lith-
ography. The gratings used in our previous demonstration of
atom diffraction were made using holographic lithography.
They were large area { ~ 1 cm?*) 0.2 um period gold gratings,
which had been developed for use with soft x rays.” Unfortu-
nately, the phase coherence (line straightness) of these grat-
ings proved insuflicient to permit their use in an interferome-
ter. We believe that this was due to distortions in the gold
membranes after lithography, and that holographic lithog-
raphy may still be the best route to producing large-area
gratings.

We have demonstrated the feasibility of zone plates for
atoms, but we believe that the inherent limitations of ampli-
tude zonc plates limit their utility in atom optics.

The RIE process that we developed should be generally
applicable to the fabrication of nitride microstructures.
Compared to metal deposition and liftoff, our direct etch
process offers greater simplicity and higher resolution.
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