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Among tha Tarioua typas of x-ray microscopes that have baan demon-
atratad. tha holographic microscope hat- had tha largast gap betvean 
pxomiaa and parfoxmanca. Tha difficultiaa of fabricating x-xay optical 
• laments have lad some to view holography as tha moat attractive method 
for obtaining tha ultimata in high raaolution x-xay micrographs; how­
ever, we know of no inTaatigatiena prior to 1087 that claaxly damon-
atratad aubmicron rasolution in xoconatructad imagas. Previous ef-
forts [1] auff arad from problama auch aa limitad rasolution and dynamic 
range in tha racording madia, low coharant x-ray flux, and aberrations 
and diffraction limits in visible light xaconstruction. Va have ad-
draaaad tha xacording limitation* through tha uaa of an undulator x-ray 
soures and high-rasolution photoxasiat recording madia. For improTad 
raaults in tha raadout and reconstruction steps, va have employed matal 
shadowing and transmission electron microscopy, along vith numerical 
reconstruction techniques. Va believe that this approach vill allow 
holography to eaerga as a practical method of high-resolution x-ray mi­
croscopy. 

All earlier work in x-ray holography in which reconstructions were 
obtained made use of x-ray film aa the recording medium. It has been 
known since tha earliest days of thinking about x-xay holographic mi­
croscopy that the resolution in tha Gabor geometry can be no better 
than the film grain aiza [2] , which precludes sub-100 nm resolution 
at soft x-ray wavelengths [3] . This has led some [4.5] to turn to turn 
to x-ray photoresists for recording holograms. Tha ultimata resolu­
tion of these photoresists is said to approach S nm. and they have goad 
detective quantum efficiency [o] . However, they also suffer from low 
sensitivity (a necessary concommitant of amall "pixel" size) , and mak­
ing full uae of their high resolution for holography has proven to be 
challenging. Recently, we [7J and others [8] have taken separate ap­
proaches to overcoming these challenges, and have obtained aubmicron 
raaolution in reconstructed resist holograms. 

The geometry used for the recording of the holograms has been de­
scribed elsewhere [7] . Ve used the HSLS mini-undulator beamline X17t 
[0] as a a our c a of 2.5 nm x-rays, vith a toriodal grating monochrome tor 
providing temporal coherence and a pinhole to provide spatial coher­
ence. Our resulting coherent flux of typically 10s photons/sac [7,0] 
was more than 100 timas larger than that obtained at tha NSLS banding 
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magnet baaalina U15 [10] . Bsaidea greatly improving both expoaur* tima 
end quality, this dramatically incrsased illumination greatly simpli-
tiad tha photoaatry Ctha coharant flux at Xi7t was sufficient to pro-
due a a photoyiald of typically 10~ 1 0 Amps on an abaolutaly calibrated 
aluminum pbotodioda (11]) and alignaant (the coherent x-ray spot waa 
Tiaibla vhan Tiawed on a phosphor, «Tan vith room illuaination) of 
tha exparimant. Tha holography chaabar and collimating pinhola a at 
on a 10 x 3 X 1 foot* granita tabla, aupportadby Tibration-isolation 
air pistons; conseqantly, any Tibrationa batvaan tha pinhola and tha 
apaciaan-racordar packaga (shown schaaatically in Fig. 1 of Raf. [7]) 
vara nagligibls coaparad to tha GO fm pinhola aiza. 

Moat of tha holograma ara of f ixad and dxiad zyaogan gzanulas from 
rat pancraaa acinar cells. Not only ia thara conaidarabla intaraat 
in tha ultrastructura of zymogen gr inula a [12] , but thair small aiza 
(roughly 1 fim across) allowed ua to satisfy ths daaixabla condition 
of having a largaly ampty objact plana to minimiza corruption of tha 
rafaranca beaa. Tha uaa of thin silicon nitrida windows (~60% trans­
mitters) and thin layara of rasist (~80% transaittiva) means that each 
hologram xa cor ding layar raaoTee slightly mora than half of tha 2. S nm 
photons from, tha baaa [13] , so that tha downatream hologram* still hava 
quit* good illuaination. This paraits ua to racord stTaral holograms 
aiaultanaoualy; aaeh hologram containa aasantially tha saaa informa­
tion on tha epeciaen, and thia redundancy may prove uaaful for aver­
aging out noisa and speckles ia tha raconatructad iaaga. Tha thin ra-
aiats and windows also allow for direct examination of tha daTalopad 
and coatad rasist iaaga a in a transmission alactron aicroacopa. 

Vs had prarioualy attaaptad to racord holograms is this aaxmar at 
tha banding aagnat baamlina UlB, and had obtainad no battar raaulta 
than tha hologram of a diatom fragm*;^ shown in Fig. 1A. ¥a now beliava 
that tha poor fxinga count and contrast on tha hologram v»r* dua to in­
adequate flux (which wa aatimata was in tha range of 10* photona/pm2 

at 3.2 nm, acquired over 10 hours) and non-optimal hologram raad-
out. Thara ara indications that wat davalopaent side-cutting of step-
function expo aura variationa on polyaathyl aathacrylata (FNKA) resists 
is quits seTera for abaorbad dosas laaa than roughly 100 magarada, or 
107 photons/jim2 at 2.5 nm wavelength [14]. Thia implies that axtramaly 
high photon f luxaa ara raquirad to racord high apatial frequency in­
formation in photoraaiata. (Others hay a coma to a similar conclusion 
by considering tha shot noisa of photons illuminating (S na) 2 "pixels" 
of PMMA [15] . Finally, tha 1/15 holograms vara examined by tha standard 
mathod of SEN imaging of tha daTalopad and norma 1-incidence-astallized 
resist surface, which va now faal ia inappropriata for detecting tha 
shallow haight modulations of a faw tana of nanometers expected for 
hologram fringas. Considarabla improTamanta in tha imaging of fine 
haight Tariations an resists hare baan demonstrated by specialized 
SEW techniques [16] and by various raplica methods for IEM examination, 
[17,18] , and va faal that this problem can banefit grâ .tly from further 
atudy. 
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Fig. IB XBB 884-4256 

Figure 1. A: Hologram of a diatom Fragment taken at the NSLS bending magnet 
beamifne U15 and examined with an SEM. B: Hologram of a zymogen granule taken 
at the NSLS undulator beamllne X17t and examined with a TEM. Both holograms 
were taken at a working distance or about 400 urn, and are sub-fields of (200 um)z 

total hologram areas. 
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Bacauaa of tha inczaaaad coharant flux of tha X17t undulator, va 
vara abla to incxaaaa tha axpoauxa of our mora racant holograms to typ­
ically 107 photons//*m3 at 2.5 nm, acquirad in about an hour. Thia expo-
•uxa was high enough to aaa a light image of tha apecimen aupport grid 
bara on tha undeveloped reeiat, and tha raaiat required only light de­
velopment (immereion for O.S-3 minutea in 17% methyl iaobutyl ketone-
83X iaopropyl alcohol vaa typical) . In ordar to avoid tba lataral dia-
tortiona of tha hologzaa that could pot ant i ally aria* in .replica meth-
oda, va evaporated a metal coating of ~20 am of 60% Pd-40% Au onto tha 
daralopad raaiat surface at typically 7° grazing angl* for dixact TEM 
examination. Whan procaaaad in thia manner, developed zaaiata of nom­
inally 200 nm initial thickneas on ailicon nitrida aubatrataa ramainad 
atabla in a low-dcae 80-100 XaV TEM beam, although roaiat maaa loaa af-
facta vara invariably obaezved [18] . Aa can ba aaan in Fig. IB, thaa* 
holograme ahov a much graatar information contant than tha lovar flux, 
SEM-examiued hologram of Fig. 1A. 

A known drawback of uaing photaroaiata aa a holographic recording 
material ia that tha raaiat thicknaaa after development in the appro­
priate aolvent ia a non-linear function of incident illumination [19] . 
Va have attempted to correct f oz thia with an approximate model of the 
zaaiat imaging proceaa [20] . X-ray photoroaiata have baan shown to 
raapond to the abaorbad x-ray doaa independent of photon energy [21] , 
ao tha fix at atep ia to calculate the doaa abaorbad by the reaiat aa a 
function of incident x-ray intenaity. Uaing published data on zaaiat 
diaaolution zat* aa a function of abaorbed doae [6,14,22], one can than 
estimate the thickneaa variationa of tha developed reaiat. Finally, 
tha TEM image contrast of thick, lov-Z specimene has bean modeled [23] , 
and tha response of electron microacope image f ilma to incident elec­
tron illumination ia vail under at ood [24] . An example calculation of 
normalized electzon film density aa a function of incident x-ray inten­
aity foz typical reaiat parameters is shown in Fig. 2. The model indi­
cates that an incident x-zay flux of 3 X 10r photons//m2 yialda maxi­
mum electron film density (the reaiat has baan fully developed away); 
thia agree a nicely with tha patches in Fig. IB where tha reaiat has 
been completely developed away with a measured peak incident flux of 
2.7 x 107 photona/jia3. The model aa it now stands ia certainly incom­
plete, however, since it estimates the response of the photoresist to 
unifoxm illumination, while what in fact is deaired ia an estimate of 
the resist modulation transfer function (KTF) [26] . Once the reaiat 
MTF ia aatimated and we aza able more accurately calculate developed 
reaiat surface relief, we will be able to follow a previously outlined 
method [19] zor correcting for the effecta of metal shadowing. 

When holograms are to be reconstructed at a wavelength signif­
icantly different from the recording wavelength, aberrations will 
severely degrade the image resolution unlass coxxective optica are 
uaed [8] or the hologram ia appropriately scaled. Because of tha need 
to correct for resist non-linearities aa sell aa the desire to imple­
ment hologram processing methods that are not available optically, 
wa have inataad chosen to pursue numerical raconatructiona of the x-
ray holograma. Towards that end, we have had several TEH negativea of 
holograms digitized with a aicrodansitoaeter, a step that alao makaa 
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Figure 2. Model calculation of normalized TEM film density as a function of incident x-ray intensity for a 300 
nm thick PMMA resist 
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Figure 3. Power spectra of several scan lines taken across the hologram shown In Fig. IB. Scan lines taken both 
roughly parallel and perpendicular to the direction of shadowing yield similar results. 



possible quantitatiTa evaluation of tha quality of tha raeordod holo­
graphic data. Aftar correcting for raaiat non-linearity using tha 
nodal skat chad above, va took a random aariaa of lina scans across sew-
aral holograms and calculated thair powar spactra. Tha raaulte for ona 
hologram (which ara typical for tha othara so fax axaainad) ara shown 
in Fig. 3. km can ba aaan, tha powar apactxal dansity falls off roughly 
aa tha inTerae of spatial f requeue? up to approximately 0.04 an" 1, af­
ter which it appears to roll off to white noise. (Fringes are risible 
by eye on the TEK negative to a spatial frequency of about 0.01 n m - 1 ) . 
This suggests a finest recorded spatial period of 26 nm, or a minimum 
Fresnel zone width of 13 nm. A. similar result is obtained if resist 
non-linearities are not corrected for. 

Numerical reconstruct ions of Gabor holograms haTe bean studied by 
many [36,37} . By considering tha hologram to ba a transparency that 
modulates the illuminating ware amplitude, one can use the Fresnel-
Circhoff diffraction integral to propagate the vavef ield a distance 
z from tha hologram plana (<£,?) to the reconstruction plane (x,y), at 
which point the reconstructed image intanaity ia obtained. In the 
Fraanel approximation, this can be written aa 

F |r(«,,)«p(.-»f^2l)j. . (1) 
Thus, multiplying the two-dimensional hologram tranemittance r(£, 17) by 
tha quadratic phase factox 

and than performing a Fourier transform F{} (implemented digitally 
with an FFT algorithm) will produce a Freanal transform. 

We have implement ad this numerical reconstruction schema, and hare 
used it to reconstruct the hologram shown in Fig. IB and thus obtain the 
reconstructed image shown in Fig. 4. Because the hologram is at a few 
far-fields from the specimen, and because the "shadow" of the specimen 
has been apodized [38] , the twin image noise inherent in Gabor holog­
raphy has been eliminated (although diffraction around the Gaussian-
smoothed adgaa of tha apodiaing mask itself corrupts the image to some 
degree). Conaidaration of the sampling theorem dictates that the Gabox 
hologram pixel size Ag be set to the diffraction-limited spot aiza 

(whaxv K 3 is th« nunbor of holagxaa pixola) , vhil* tho condition 
(A. A, •/**) = ! (4) 
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Figure 4. Reconstruction ora hologram similar to that shown in Fig. IB. Refer to text Tor discussion. 



must ba satiafiad in ordar '.so haw* a diacrata Fouziar tranaform rala-
tionahip in tha xecsnatraction intagral (1) . This laada to tha conclir 
aion that tha raeanstrustion pixal aiza Aa will also ba squal to tha 
diffraction-limit ad apot aiza of tha numrical apartura of tha holo­
gram. For tha casa of a 512x513 pixal sampling of tha hologram zacon-
atructad in Fig. 4, this laada to a pixal aiza of 43 na; tha amount of 
computar tima naadad to parf orm such & zaconatruction ia roughly f ITS 
ainutaa on a MicroVAX II minieomputoz. 

Va would axpact that tha imago quality of tha raconatmction would 
ba sonswbat dagradod by complicationa auch aa apackla and xacording 
non-linaar it a a that wars not complataly corxactad for. Tha apot sizo 
of any spackla pat tarn should ba on tha aama ordor aa tha diffraction-
limit ad apot aiza, and ainca wa do not oaa laxga pixsl-to-pixal noiaa 
f luctuatiena, wa concluda that tha obaarrad Taxiationa in imaga intan-
aity in Fig. 4 aza not dua to apackla. Hon-linoaxitiaa in tha racoxding 
of hologram intanaity axa mora problematic If ona imagines a aina wars 
fringa pattam diatortad into a aquara VSTS, tha "axtr*11 high apatial 
fxaquanciaa will manif aat themaalwaa aa highax-oxdax images (analagoua 
to highar-ordar zona plata foci) and an artificial anhancamant of high-
spat ial-froquancy information on tha apaciman. This may ba tha expla­
nation behind tha bright adgas and dim cantor of tha grid bar shown in 
tha uppar right hand cornar of Fig. 4. Whila thia artifact laads us to 
xagard tha raconatructsd imaga ahown as a preliminary ona, tha imaga 
ia raminiacant of scanning transmission x-ray microgzapha takan of hy-
dratad apaeimans of tha aama typa of aampla [12) . Finally, lina scans 
takan across tha grid bar adga (which may not bo parf actly sharp whan 
i iawad with soft x-ray a) damonstrata a knif a adga transition ocurxing 
orar ona to two pixals, indicating that our currant rs construct ions 
hawe sub-100 nm resolution [30]. 

Thara axa a rariaty of waya in which wa hopa to impxoTo upon thaaa 
praliminary inTastigations [30]. With tha H3LS XI undulatox that is 
to bo commissionsd in 1088, wa hopa tc reduce tha axposura tima from 
about ona hour to a f av minutaa. Wa ham uaod a wat call to racord holo­
grams of hy drat ad spacimane; axaaination of soma of thasa holograms 
auggasts that x-ray absorption in watsr may hara raducad tha axposura 
balow tha laxal naadad to racozd high xaaolution information. Trans­
mission alsctron microgxapha of a carbon roplica of a croaaad grating 
hawa ahown ua that tha TEN uaad did not suf f az from imaga f iald dietor­
sions at tha micron *«T«1, although such distorsions may bacoma an ia-
aua at finaz acalaa. Va faal that thara ia much to ba laaznsd about tha 
handling of photozaoists, both in tarns of finding ways to dacraasa tha 
axposura (perhaps by adding dopants to incraasa tha x-ray absorption of 
tha raaiat) and in obtaining linaar rasiat imaga xaadaut without hawing 
to xaaort to matal shadowing. Va hawa only bagun to oxplora numorical 
hologram raconatruction and tachniquaa auch aa phass ratriara 1-137] 
for further improwing tha imaga quality, and wa axa, of couraa, kaanly 
intoxeatad in daTalopmanta in f laah aoureaa lika x-ray laaars [30] . It 
is our hopa and axpactation that x-ray holography will soon hawe ad-
Tancad from tha point of domonatration to bscoma a usaful x-ray imaging 
taehniqua 7 
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