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Soft X-ray microscopy at a spatial resolution better

than 15nm

Weilun Chau":, Bruce [, Har‘teneck". 1. Alexander Liddlel, Erik H. Anderson' & David T. Attwood"?

Amalytical tools that have spatial resslution at the nanometre scale
are indispensable for the life and physical sciences. It is desirable
that these tonls alsa permit e1eme£lul and chemical identification
om a scube of 1 mmor less, with large penetration depths. Avariety
of wechniques'™ in X-ray imaging are currently being develaped
theat may provide these conbined capahilities, Here we repart the
achieverment of suh-15-nm spatial reselution with & soft X-ray
microsonpe—and a clear path to below 1 nm—using an overlay
technique for zone plate fabrication. The microscope covers a
spectral range from a photon enengy of 2506V (—5mm wave-
length] 1o LEkeY (0.7 nml, so that prinsry K and L atomic
resonances of elements such as O N, O AL Ti, Fe, Co and Ni can be

studies of wel emvironmental samples'™"; stedies of magnetic
manostructures with both elemental and spin-orhit sensitiviry™";
studiex thal require viewing through thin windows, coatings or
substrates (such as huricd electronic devices in a silicon chip');
anul three-dimensional imaging of cryogenically fised hiological
cells™s,

The miroscope XM-1 at the Advanced Light Source (ALS} in
Berkeley' is schematiczlly shosm in Fig, 1. The microscope type is
similar to that pioneered by the Gottingen/BESSY group (ref. 18, and
references therein). A ‘micro” aome plate |MEP) projects a full-fidd
image to an X-ray-sensitive CCI | charge-coupled device], typically
in ane o a few seconds, often with several lundred mages per day
Thie field ef wiew is typacally 10 mm, comesponding to a magrification
of 2,500 The condenser e plate | CFF], with acentral stop, seamves
two purpeses in that it provides partially coherent hollow-cone

illumination?, and, in combimation with a pachole, wves as the
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Figars 1| A diagram of the soft X-ray microscope XML The micoscape
maes 3 micre mme plate o projecta full k] image onina COD cmera that is
sansitive to sofl X-rays Parvially coherent, holbew-cone llunination of the
sample is provided by a condenser zone plate. & ceniral siop and a pinhale
provide monochrematization

monechrmomater. Menochromatic mdiation of A/ A% = S0 % wsed.
Bath zome plates are fabricated in-heuse, wsing clectron beam
lithrgraphey™.

The spatial resclution of a zene plate hased micracope is aqual to
By ANy e where A is the wavdength, Niyep is the numerical
aperture of the MEF, and &, is an illumination dependent constant,
which mnges from 05 to 61 For @ mone plate lers used at high
magnification, N, e = WA o where A7,z is the outermeost
(smallest) pone width of the MEP®, For the partially coherent
ilursination’ " nsed lwere, ky == 004 and thus dhe theoretical resolu-
ticn s DA, 28 caloulated wsing the SPLAT corputer program’
(a rwn-dirensional scalar diffrection code, whicl evaluates partially
colwerent imagng ). In previous results wath a Ay ee = 25 nm aone
plate, we reported” an wnambiguous spatial resolution of 20wm
Hiere v deseribie the uhe of an overlay nanotzboation techmagque that
allows us 10 fzhrcte zone plates with fner outer zone wadths, 1o
Aryep = 15nm, and o achieve 2 spatial resolution of below 15 nm,
with clear potential for further extensinn,

This technique cvercomes nancfabrication limits due to dectron
beam bmadening, in high feature density patterning, Beam broad
«ming results from electron scattering within the recording, medium
[resiat), leading to a loss of image contrast and thos resolvahility for
dense features, This effect i reduced by wiiting only serni-isolated
features, Here the dense some plate pattern issubdivided into two less
dense, complermertary patterns, which are fabricated separatehy and
then everdaid with high acourscy to yield the desired pattern. The
aowerlay techmique allews s toaclieve pattern demsities several times
ligher than would othawise be possible The required pacement
accuracy for gone plates is typscally ome-thind the smallest fanre
speetlnes abowt 5 mm for the optic reported here with 2 15 nm outer
aome width, As described beloww, the wone placement accuracy
adhieved here is better than 2 nm acmss the tan-dirmensional Hekd,
lesrving, significans room for further yone plate advances Note
that this ﬁ:"gh acement accuracy cverlay technique permits the
achievernent of smaller zones without incarring the low diffraction

Figure 2| An & ity farmione
oo plata Fubrication. The zone plats is camposed of rven-numbored
apaque snmes (hlack and greyi and edd-numbered transparent mmes
Iwhiter Set [ thlack ), contaming 2ones 2,06, 10 ., and its complement, set 11
Igreyh, are fabricated sequeniially to form the desired overlaid micm zone
plate.
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elficiency inherent to photon geves®, shere panhole distnbation
st meet the same tight placament comstraints.

For the 15 nm znne plates reported here, the odd-numbered zones
are transparent, while the even-numbered are opaque, The oven
nuambered somes are subdivided intn b cnmplermentary sets: set 1,
comeaining aomes 2, &, IIJ....nmlx«'rl'l.mnrzining_mm's-t.?l 12,.. 38
illustrated in Fig. 2, The nanofzbrication process will be described in
further detail elsevdwere (WIC, LAL, EA and BH., manuscript in
preparation . The complete anne plate fabrication was condwcted in-
Doz, wsing o vector-scan doctron beam lithograply tool, the
Manepariter™, which has a 6.5nm diameter {full-width at half-
prainarn) 0 keV dectron beam, and excellent zome placersnt
accuracy. The latter property s achieved by a combination of
naremetre beam position contral, scourate distortion calibration,
and the e of a patten generator specally deagned for curved
shapes™. The resist, pohmethyd] methacrylase {PRMAY), was wsed for
pattern reconding, whale all opague 2ones were fommed by gold
plating in a maltistep process' for resonahle wone plate efficiency,
in the: operating spectral rangse from 250V o LA keV.

High alignment accuracy is the key to the sucoess of our technicue.
Tefore exposure of the zone plate patterrs, the Manowriter’s heam
deflection was calibrated, using an in-house alignment algorithm®,
o the pre-fabricated alignment marks on the mesist-onated wafer,
This technique greathy reduces systermatic one placement errors,
allerwing us to coraistently chieve a subpivel placement acouracy of
L7 nm (1 sd.) In Fig. 3 a scanning dectrom micrograph shows the
viwter mowee region of & [5om zoe plate, revealing near perfict
aligrment of the opaque zomes. The gobd @ones contain small gaps
an variows pesitions, and have widths larger than desired, thius
veducing efficiency in these cady results, We expect o improve
these 1 the future, The gold ated wones are 80 nm thick, as needed
for opacity and thus elficiency, gving an aspect rzbo of 51 The
ealculated diffraction efficiency o first order 15 6% Transmissaen of
the substrate and plating base, which suppsoet the mne plate, is 700,
s the expected zone plate efficieney is 4% Thas is typisal of early
state-of-the-art mone plates, and is consistent with our ohserved
exposure time,

Using this aone plate, the microscope was used. to image several
patterns, including 15,0 nm and 195 am half-period test objects at
152 mim wavelength (he = 8156V), with a magnification of 7,600,
Fow optimal signzl b noise ratio, the exposure time was 625, with
10 commis. per pined i tle 2048 % 23,048 piveel array DCT detector,
This expesure time is abour 30 times bnger than would be used in

Figure 3 | Scamning electron micrograph of a zone plate with 15 nm
outermost zone. Shown in the ineet bs @ more detaded view of the
ouiermust aomes. The sonal period, as indicated by the twa black lines, is
mcasured tn be 30 nm. The s plicement accuricy is mesiurad Lo be
1.7 nm,
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normal maging. In arder 1o manimae the effedt of photon and
electronic nvise and CCD pised sizeom the image resolution, we chos:
i enllect about § times maore plwtons per pixel than is typical, for
impromved statistics { 10 compared to 1 photons per 1}, amed we
used 4 times more pixels than is typical for high spatial resolution
recowding at the same magnification. That is, ve used 3 LO4S x 1048
pizel SOOI (Lawm = Lonm equivalent pivd size) rather than a
1024 1024 OO (5.2 o 5.2 e effective pizel size), For the
imaging experiments. lere, the microscope configuration (Fig. 1)
usad 5 a5 fodbewa, WP Ary o o 15 rem, 500 2omes, 30 pm diameter;
ep o Hmm, 56,250 sones, S0mm outer diameter, 5 mm

ntval stop; pinlde, 14pm. The degres of patial on-
b5 D Tlee test objects wsed for these nesolution
studies were CofSi multilaper coatings™ in oress-section; they were
fabriczted in-houwse, wming megnetmn sputtering and comventional
iransmisaon dectmn microscopy sample preparation techmigues*.
Irmzge: obtarned witl the o zrme plate lenses, having ouler zrme
widths of 25 nm and 15 nm, are shown in Fig. 4. The oen images on
thie leht, Fig. 42 and ¢, were obtained with the 25nm sone plate, at a
wavelength of 207 nm (6001, This photon energy is just above the

i

Flgure 4| Saft X-ray nages of 15.1 i and 1905 nan half-period test abjects,
as Terrmad with zane plabes having ceder zone widths of 25am and
15, The besi abjrcis cansist of CriSi muMilayers, with 15,1 nm and

19,5 nm hal-perinds, resprctively. Significant improvemenis are noted
hetween the images obiamed wiih the new 13 nm zene plaie, as compared to
earlier resulis abimined with the 2% nm zane plate. This is particularly
evidend Far the 15 nm hali-period images, for which the cabier resall shiows
e o ubaviam, whereas the bmage obealnedwith the 15 nm zane plate shaws
excellent modulation. 2, lmage of 19.5nm halfperiod e object ohasined
previauily with 4 25 n late. b, Dnsage of 19 all-periad abject
with the 15 nm 2one pha e af 15,0 nm balf-period with the presisas
25 nm znne plake. &, Tmage of 15,1 nm hall-porind with the 15 nm zane plate,
Tmages @ and & were ohiained at 2 wavelength of 207 nm (60 eV phaton
energyl; b and d were obdgined at @ wavebzngih of 152 mm (8152 ). The
equivalent ohject plane pisel size for images 8 and € is 4.9 nm; the swe for b
and d is L6 nm.
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Crabsorption edge at 574 eV, The image of the pattern with 195 nm
I|m$.ar|:|s|u:m 1 Fig, 4a) shows good modulation | 2054}, whereas the
image af 15.1nm lines and spaces (Fg. 4c) shows no modulation
with this lens. As seen in Fig. 5, the latter data point is beyond cut-off
for the 25 nm lens. Returning to Fig. 4, the two images on the nght
siche, Fig, -1h-m4‘|¢L'|wn’.‘:ht;|in¢'=lwirht|m|5nmmm- plate lens, ata
wavelength of 1L52nm (815 V). The shorter wavdength alloved us
tior maintain a comvenient working distance, Tmages obtained with the
15mm outer zome width lens (Fig. b and d} show clear impresse-
mients when compared o those with the 25 mm some plate. The
195 e irmage in Fig, 4b displays bess noise and hetter contrast than
that in Fig. 4a. The impreserment is particalady evident in images of
e 1500 men Fines, for which the eardicr resulis with tle 25 nm lens
alwwwed no medulation {Fig 4c), wherems the image obtained with
thee 15 nm lers (Fig. 4d) shoaes excellent modulation.

An intensity prodile ('lineout'} af Fig: 4d shmes a modulatsiem af
3,000 eonmits per pixel and 2 peak leved aff 40,00 counts per pd m
the CCTY image, corresponding to a modulztion of 5 wimately
B0 T ck'h'rrnEi‘lwtlw' aptical rn%\'luLﬂinntl'.ln!’rrﬁJnrnTPm?\aﬂ'F} of
the system, knowedge of the intrinsic sample contrast i needed. This
can be calculated using the known ahsorption parameters for Si and
Cr, amd the sample thickness, The sample thickness varies from zero
{chear area ) vomany micrometres, Tl image was taken near the dear
ared, where we estimate the sample thickness to be approsimately
Shmm (about o 50 aspect ratio, which generally provides pond
i, In this case, at & ploton erengy of 515 &Y, the 51 transmite
A0 of the ploton and the Cr transmits e4%, The image mid-
Latiens, caloulared using SPLAT for an ideal sample with equal 15mm
lines and spaces, i 200 for a perfect levs, Allowing for an imperfect
b with an MTF of 50, close te its vesolation Himit, we expect only
2 1096 DT image modulation. This valwe & within the ervor bars of
thee oheerved value, The sme anahsis applies to the 19.5 nm image m
Fig. db, where the recorded GO mdulation is abeot 4,000 photons
per pivel on 2 36000 photons per pivd background, or 1%
Unfortunately, hecause of the uncertaingy in the sample thicknesses,
arel to 2 lesser extent the presence of somewhat non-uniform stray
light, which affects the determination of image modulation, it is not

1.0
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[Figrare: 5 | The tramsfer igms of the

h twa differest aone plates. (ne rone plate bos an suter zeme width,
Argpen of 23mm ehi lime b, and the otber has &rygp = 15 nm (right line),
The thearetical resolutben far the wo benses are 19 nm and 12 nm,
respeciively. Alsa shnen are data indicating the degres of modulation
ahtained far varloues (e panterns ushng the Arypp = 250m | squires ). The
Aragp = 25 nm zone plete yielded 75% mudulation far o hali-period of
24.3mm, 2% for 195 npa, and %% modulatson far a half-period of 15.1nm
{Fig 42 and ¢k Values are means = wd U the Arygpe = 15 nm mone
ilatr, image quality is much improned, as seon in Fig, 4 and d, hut owing in
mncertain sample thicknesses and stray light an scourate determimation of
ihe medulaiion was ned pocsble.
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possibde unambiguousdy 1o 2sign MTF values on the basas of these
twe measurerenits, 1t is worth noging, however, that modest image
madulatioms with thin, high resolution samples are not unusaal, and
indeed those observed here are similar to those seen with our
previoshy described 25 nm zone plate, which has been used success
Fulty in rary scientific studies.

Idodelling of the MTTF for the tw lenses. is shown by solid lines in
Fig. 5, This compurtational modelling accounts for the partially
colwrent, hollowe-cone, soft Xoray flumimtion employed in cach
cane. With the ligher nurmerical aperture (MA = W24, the =i
latiom predicts a proportionately increased resnlving power, as
indicated by the MTF shift to higher spatial frequencies. With this
ddegree of partially colwerent illumination, we calenlate & theoretically
adhievable resolution of appreximatdy 08An or 20nm with the
25nm sone plate and 12nm with the 15nm sone plate. Thas is
consestent with the irmages in Fig_ 4, and witl the three data ponis m
Fig. 5 for the 25 nm lens. Data poants for the 15 nm lens (Fig, 4b and
d) are not showm in Fig, 5 owing to irsufficient knodedge of the
sarmple thickness and the presence of somewhat nan-uniform stray
light, as mentioned aheve. We believe that the improved imaging
capahility, as illustrated in Fig. 4, and supparted by Fig. 5, are the
chearest demomstration of a significant advance with the present sone
plate Ehrication techiique, Tn the rear future, with the high dectron
beam placeiment aocuracy and the ahility of PMMA to support
isolaned fearures as small as 5 v (ref 271 we expect our overlay
namofzbrication tachnique W vield high quality 2one plates with
ontier 2one widths of 100, permitting a spatial veselution of § ni
Additienal benefits of this overday teclmigue will b to perrat higher
aspect ratio sones for improved efficency and, separately, the
stacking of subaonal structures for additionsd mprovernent of
efficiency, perhaps i a trade-off for resclution i multidevel wone

Les™,

In additson 1o improved spatial resaluton, whach seales as A, the
pone plates reported bere agmficantly reduce the depth of Gekd,
which scales™ as { A, thus offering a new capability for soft Xeray
optical sectioning, and the further potential for improved spatial
resnlution soft X-ray tomagraply. This will respive further efforis tn
modd soft X-ray propagation through sequential twe-dimensiomal
image sections. In the life sdences, wiwn combined with protein
specific Labelling”, these advances would permit quantitative protein
Iewcalization in three-dimensional images of the cell, and thus permit
stidies of gene expression a5 a function of mutations, knockout
genes, ard oo (S A Laabel, persomal commumcation).

With the existence of mone than 30 synclrotron facilities wordd-
wide, thise advances in soft X-ray microscopy could be readily
available to the resswch community. Farthermone, we anticipate
that compant soft X-ray sowrces will also be available in the ot too
distant future, wing Leer-prodoced plasmas™, femtrsecond laser
high harmonic techniques™, or extreme-oltravaolet/soft X-ray
lasr®, With these advances, we anticipate 2 o use of wone
plate based soft X-ray microscopy across the broad range of
nanascience and nanetechnology.

Recefred 3 September 2000; 2coepied 3 May 2008,
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