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ABSTRACT 

We describe a simple modal ind an .fficie.nt simulation fer bulk iiaging vithin a 
cesist 1 during photobleaching. It gives a first-erder corrastion to the 
canv.ntiona1 vertical Propagation model, and erplains Che non-symietric focus offsat 
dependence of devmlopcd resist images printed vitb lensss of siall focal depth. 

I n  projection optical lithography the imaging of i photoiask on a photosensitive reiiit layar 
r-sults in latent image formstion. The convantional v.rtic.1 propagation IVP) iodsl assumas the 
incident light is transaitted vertically after crossing th. air-raeist interface. Thsoretically, 
positiv. ind negative facal plane offsets (relative to the resist surface) yield symietricol 
results. Hovever, vhen the depth of focus decresses to a distanca OE order the layer thickness, 
the exposuce san n e v e r  have the same focus at all layer depths. Recent measureients in submicron 
lichography indicata that bulk imaging can n o  longer be naglected. A basic non-syanstry is 
avident in cross sections of developad rasist prefiles obtainsd Tor positive rnd negative focus 
offsets (1.2). The empirical focus-exposureplot dirplays corraaponding asyiistry. 

Consider a planir resist layer in cross-section, vith lateral ceerdinate I, and depth 
coordinata z > 0 ,  vhere r=O marks the air-resist interfase g l .  Latent iaag* formation is 
driven by tha exposing intensity distribution I(x,rl, vhich must be detsrmined throughout the 
resist film. corrsctions to the VP madel must ccnsider the "bulk iisga' projected into the resist 
by virtue of the obliqucly incident wavefronts. A rigorous description of the bulk image is given 
by the macroscopis narvell aquations, vhoss aolution is coaputationally expensive. We have 
dsvissd a simpler, first-order modsl of bulk iiaging vhish is easily visualired, snd appears to 
qualitatively describe focus offset position aeymmatries in subiicron lithoqraphy. 

wa first consider a non-reflecting aubstrite. wüen the focil plane of thc projection lens 
coincides vith thi resist surfacs (zF-0). 1 condition of increasing defocus occuri vith increasing 
depth. Yeung (3) has considsrsd the bulk iiage at the stirt of blaaching, ind suggested thrt to a 
good ipproximation I(x,al obeys - 

I(X.Z) OC ID(xl, vith D = z/nR , 

vhece yD(x) is the defocussed image intensity that rould hsv. eristed in air at a displacement D 
froi th. plane o f  focus, if the resist ver* absent. Our bulk imagi iadel generalires the 
equivalent defocus in air to arbitraey facal plane offsets zF+O lshovn in Fig.1 for + > O )  and 
assert. th.t 

1ix.zi = I X ,  - ID+ ( X )  . i+ ( 2 1 ,  vith D+ = z/nR - Z F  . 
Th. function i+(a) intcoduces the effect of absorption, given by Bear's lav, and is the 
intensity that exista at depth z vhen a plane vave ef unit flur ia incident normal to the surface 
of the resist. It also sontains ths photoblaaching-induced time dependenca of the bulk image. 
For a reflecting substrati ve add the reflected iiag. 

i s  illustcated in Pig.2. Tha upvard attenuation factor i+(zl is associated vith the normal ray 
a s  it returns from the base af the resist. It includes the reflection coafficiant at the resist- 
substrata interface. Our final sxpression for the net bulk inage intensity vith a reflecting 
substrate is ths insoherenc sum 

, I(X.21 = 1 ( X , . )  + I ( X , . ) .  t 4 
Our bulk imige iodel naglacts standing vave affects, behaving i s  if tha latent iiage has an 

inplicit post axposure bake. It also neglects other cohsrence effects, and for ernmple should not 
be applied te fully coherent imaging under conditions of image reversal or douhling. On tha 
optimistic aide, ou r  model is similar in representation to the vertical propagation madel, and il 
thus easily simulated vith only modest increase in computation time. W a  have incorporated it into 
the SPESA photolithography sirulator (4). vhich has extensive capabilities for quantitative 
process characterization and resist profile analysis. 

Fig.3 showi developed resist imiges simulated from our model for various focal offsets A z F ,  
ralative to z ~ = t ~ / 2 n ~ ,  vhich places the cefcacted focus exactly in the niddls of the rerist layer. 
Coiparison vith the resist process measured by Kameyama et.al.(l) lreproducad in Fig.4) shovr 
agreamsnt vith o b ~ e r v e d  asyimetric behavior: rounded top profile (vafer ioved tovards the lens): 
flrred base profil. (avay from thi lens). Siiulated focus-axposure plots. such a s  for cleared 
linewidth (Fig.5) and top linevidth IFig.6). nay be used to svaluata the optimum focus posltion 
vithin tha resist layec. To interpret such curves, wo describe the "effsctive defocus" concept. 
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Fig.1 Construction of transmitted r Fig.2 Construction of reflected 
bulk image (nR=refr index). bulk image. 
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Fig.3 Simulation ot developed resist 1 Fig.4 Measured resist profiles from 

profiles vs focus offset at Ref 1. L=S=O. 6pm, patterned 
constant dose (to be compared with 0.6 NA g-line Nikon lens. 
to Fiq 4) Resist thickness is 1.2ym. 

Fig.5 Simulated focus-exposure plot Fig.6 Basic asymmetry of bulk image 
associaed 0 F i s  4 Five 1: is clearer in F-E plot of top 
isodose curves are labeled. linewidth vs focus offset. 
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