Demonstration of 20 nm half-pitch spatial resolution with soft
X-ray microscopy
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The full field, transmission soft x-ray microscope XM-1 is a valuable imaging instrument for many
scientific and technological areas involving nanometer features. Operating from 300 to 1800 eV, it
combines high spatial resolution, elemental discrimination, magnetic sensitivity, and a capability of
imaging in various experimental conditions, such as with applied magnetic fields and electric
currents. In this article, we report experiments that enable accurate spatial resolution measurement,
using a new type of test pattern, made from thinned multilayer coatings. The resolution of the
microscope was measured to be 20 nm, using this method20@3 American Vacuum Society.

[DOI: 10.1116/1.1619956

[. INTRODUCTION 300 to 1800 eV x=4-0.6 nm). Linearly or elliptically po-

The soft x-ray transmission microscope XM:4 Jocated larized illumination can be obtained from in-plane or out-of-
at Lawrence Berkeley National LaboratofyBNL) Ad- plane(electron orbit radiation, respectivel§# Collecting the

vanced Light Source(ALS) synchrotron, has been success-adiation, the condenser Ie'ns projects a suitable illumination
fully used to study wet biological and environmental for the sample, and the objective lens images the sample on
sample€~7 nanomagnetic systenfisi®and electromigration @ detector. Both lenses are Fresnel zone pl"zit_é‘surrently

in advanced microprocessdrslt provides a unigque combi- this type _of lens offers the best spatial resolution in th_e soft
nation of capabilities(1) high spatial resolution(2) large  X-fay region. The condenser zone plé@ZP) and the “mi-
elementdf and magnetf contrast, based on atomic reso- C'0" Zone plate(MZP) that acts as an objective lefisig. 1)
nances(3) large permissible sample thickness@.1umfor ~ &€ fabricated in-house using aﬁ5100 keV electron beam li-
magnetic samples-10 um for biological, environmental, thography tool, the “Nanowriter.®> The tool has an expel—
and interconnect specimens4) in situ imaging in various €Nt zone placement accuracy<6nm) and circularity,
conditions (e.g., applied magnetic field, elevated tempera-aCh'?}/ed by using its dlglt_al pattern generator .O'O“rF“Zed for
ture, and electric curreptand (5) short exposurega few  curvilinear shapé$§ and by its high distortion calibration ac-
seconds and high throughputup to 1000 images/day  curacy (<_2 nm). This precision is critical to reduce aberra-
These featuréd complement those of other nanometer-scaleions, which are caused by phase errors across a zone plate’s

7 . . . .
imaging tools, such as electron microscopes and scannir@amete';_ For the objective MZP, the bilayer resist
probe microscopes. In this article, a new characterizatio®T0Cess,’ in which the zone plate is formed by electroplating

method is described for accurate measurement of spatid Mold composed of 40 nm thick hydrogensilsequioxane and
resolution and the experimental results of the soft x-ray mi-
croscope are presented.
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[I. SOFT X-RAY MICROSCOPE

The soft x-ray microscope XM-1 is composed of a source,
a condenser lens, an objective lens, and a detéEigr 1). oo Sample @
Bend magnéf radiation is used to illuminate the sample
with soft x rays, allowing the microscope to operate from
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Fic. 1. Schematic diagram of the soft x-ray microscope XM-1 at LBNL's
dauthor to whom correspondence should be addressed; electronic maiALS. It provides a unique set of capabilities that complement other types of
wichao@Ibl.gov. high-resolution microscopes.
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a layer of hard baked deep ultraviolet resist AZPN114, is
used. The process yields both a small outermost zone width
(Aryzp) for large numerical aperturENA;=N/(2Ar yzp) ]

and a high aspect ratio for reasonable diffraction efficiency.
Both the micro and condenser zone plates are fabricated on

100 nm thick, nonstoichiometric silicon nitride square mem- (a) Adhesion (b) Cutting and thmnmg
brane windows; 7Qum in size (MZP), and 10 mm divided , Side view

into four quadrants by a silicon cross support fraf@ZP). Arions (@
The measurements reported here were obtained using CZP Sldemw ‘H |' (::l

and MZPs with the following parameters: MZRXrzp along 10ns

=25 nm, 300 zones, 3gm diam, 80 nm thick Ni: CZP: doted e Topiew (@) lon mllng () Dlmpl“‘g

Arczp=60 nm, 41700 zones, 10 mm diam, 120 nm thick Ni. gg. 2. Multilayer test pattern preparatiofa)—(c) A test pattern block,
The microscope has a spectral resolutii\, of around  formed by sandwiching two pieces of Cr/Si multilayer coatings by Si
500, over the 1Qem- -diam field of view? This is accom- Plocks, was cut and thinneq to create a'circulardisk. Aconpavg impression
pished by installing a central stop of 5 mim diam on the CZBes (%7 "ade o each s of e sk by means of dmpltiglne |
and a pinhole of a fewum about 100um from the sample  opening. The test pattern has a wedge-shaped thickness profile, typically

plane, forming a linear monochromator. Images are recordektween 0 and 200 mm.
by a back-thinned, soft x-ray-sensitive charge coupled device
camera with a 10241024 pixel array. With an imaging
magnification of 6000 as used here, each square pixel hasdgsired. The pattern needs to possess good material contrast
projected size of 4 nm at the sample. in the soft x-ray region. Periodic line and space patterns and
“elbows” which allow simultaneous resolution measurement
in two orthogonal directions have been fabricated in the past
FORMATION AND RESOLUTION TEST u§ing thg Nanpwrite%‘?L As t.he MZP is already fabricated
with the finest lithographic lines, the test patterns cannot eas-
PATTERN DEVELOPMENT . .
ily be made smaller thackr,,;p. To fully test the micro-

The resolution of an imaging system, expressed ascope, a characterization method using multilayer coatings
KN/NA;=2KAr yzp (for zone platel is determined by the viewed in cross section was developed.
wavelength, the numerical aperture NAaberrations in the Well-defined bilayer pairs of multilayer coatings can be
objective lens, and also, by the coherence of sample illumifabricated with magnetron sputterfifignith half periods as
nation. It is defined here as the half period at which thesmall as 5 nnf> A variety of multilayer material pairs are
image has 26.5% modulation, the value used in the Rayleighvailable to meet the specific needs of resolution tests, such
criteria. The effect of illumination’s spatial coherence on theas material contrast at a given photon energy. Using sample
resolution is determined by the angular distribution of thepreparation techniques developed for transmission electron
illumination relative to the acceptance angle of the objectivemicroscopy(TEM), we have created thin multilayer based

lens!® The parameter called the degree of partialtest patterns well suited for microscope resolution measure-
coherencé’ o, equal to the ratio of the numerical aperture of ment.

the condenser (NA to that of the objective lens (N} is
used for quantification:

_ NA:  Aryzp

CNA Aregp’

[ll. PARTIALLY COHERENT IMAGE

IV. SPATIAL RESOLUTION CHARACTERIZATION

For these first resolution tests described below, multilayer
coatings composed of 40 chromium/silicon bilayer pairs,

In coherent imaging, in which a plane wave illuminateswith periods of 30, 40, and 50 nm were chosen. The coatings
the sample, NA and o are equal to zero. For incoherent were deposited on 50@m thick silicon wafers by an in-
illumination, the NA of the condenser is infinitely large rela- house magnetron sputtering system. The sputtering argon
tive to that of the objective, and equals infinity. Calcula- pressure was 1.0 mTorr and the wafers were 1.5 in. from the
tions show that, for illumination systems withlarger than  sputtered targets. Using an angular reflectivity scan with Cu
zero, the image modulation remains above 26.5%kfora K, x rays \=1.54 A) at grazing incidence, their periods
diffraction limit less than 0.5(.e., resolutior<0.5N/NA; were measured to be 30.1, 39.0, and 48.6 nm, respectively,
=Aryzp), and the achievable resolution is smaller thanwith errors of =0.3 nm. The samples were processed with
Aryzp. For the microscope setup used here, the CZP andonventional TEM preparation techniqééso have suffi-
central stop setup has a hollow-cone illumination with cient transparency for imaging. As shown in Figéa)2and
equal to 25 nm/60 nm0.42, and a “cutout” due to the stop 2(b), two pieces of multilayer coatings were formed into a
of 0.21. circular disk using mechanicgdiamond and slurry digk

Isolated objects, like single lines, cannot fully quantify the cutting and polishing. A “dimple” was then spherically pol-
resolution of the microscope. To accurately measure the res@shed into each side where individual layers could be seen
lution, a test pattern consisting of high quality dense featurepFig. 2(c)]. The thinnest portion at the center was about 20
with half periods smaller than the ultimate resolution areum thick. This residual thickness was removed by ion mill-
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lengthl,) divided by the square root of the transmission of Si, which is ©03
more transparent, is calculated for varying sample thickhe$te optimal o 0.2
thickness is 217 nm. 201
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ing at low angles (8°—10°JFig. 2(d)], until the center Distance (nm)

opened. The test pattern thus had a shallow wedge-shaped ©

thickness prOflldtyplca"y{ from zero thickness to ZO,Gm), Fic. 5. (a) Soft x-ray image of the 19.5 nm half-period multilayer test
capable of accommodating different transparency needs fQfattern taken at 600 eVi2.07 nm). (b) SEM micrograph of the pattern.

imaging and sufficiently robust to handle. The pixel sizes of the micrograph and x-ray image are 4 @nColumn
averaged lineout of the soft x-ray images shows a modulation of 20%.

A photon energy of 600 eVN=2.07 nm), just above the
Cr L, absorption edge, was selected for good material con-
trast in testing the microscope with these test patterns. The
optimal thickness for imaging contrast, modeled by the ratio
of differential transmission between Si and Cr to photon
noise as seen in Fig. 3, was calculated to be 217 nm. At this
thickness and a 600 eV photon energy, Si has transmission of
72.8%, Cr of 3.70%. Phase effects are negligitéss than
2°).

Figure 4a) shows a soft x-ray image of the 24.3 nm half-
period multilayer test pattern. The image is similar in quality
to the scanning electron microsco®EM) micrograph of
the patternFig. 4(b)]. To obtain a lineout of the x-ray im-
ages with minimal noise, multiple x-ray images were com-
bined and averaged along the pattern. The resultant lineout,
shown in Fig. 4c), exhibits a normalized modulation of
75%. Figures &) and 5b) show a soft x-ray image and a
SEM micrograph of a test pattern with a measured half pe-
riod of 19.5 nm. The normalized measured modulation, seen
in Fig. 5(c), of the soft x-ray images of the pattern is 20%.
Comparing the photon flux measured at the silicon substrates
adjacent to the test patterns and the openings at the samples’
centers, the thickness of the 24.3 and 19.5 nm half-period
Fic. 4. (@ Soft x-ray image of the 24.3 nm half-period multilayer test patterns was determined to be 200 nm. A 15.1 nm half-period
pattern, taken ?.t 600 eVWE2.07 nm). Multip[e images pf the same area test pattern was also imaged with the microscopE, but was
were taken to improve the SNR for modulation analyéi. SEM micro- beyond the current system’s resolution limit.

graph of the pattern. The micrograph and the x-ray image have 4 nm pixels. : .
(c) A column averaged lineout of combined soft x-ray images. It shows a  1he three measured data points and a calculated image

modulation ({max—min)/mas) Of 73%—76%. modulation curve for the microscope are shown in Fig. 6.
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101 E=600eV Ar,=25nm to be 20 nm. With the ongoing improvement of the zone
s A=2.07nm o =0.21 to 0.42 plate fabrication process and better understanding of the er-
g 0% (hollow-cone) ror sources in this experiment, we anticipate extending the
g —— Calculated microscope’s resolution to structures smaller than 20 nm.
2 %87 Rayleigh-like -~ ¢~ Measured 7
g modulation=
5 041265%
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