Extreme ultraviolet holographic microscopy and its application to extreme
ultraviolet mask-blank defect characterization
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100-nm-resolution at-wavelength holographic microscopy of aerial images produced by extreme
ultraviolet (EUV) lithographic optics has recently been demonstrated. It provides a simple and
compact method allowing image monitoring without printing in photoresist. Here, the concept of
holographic microscopy is extended to the characterizations of defects on EUV multilayer mask
blanks. As a proof of principle, defect characterization using the holographic microscope is
demonstrated with programmed defects in transmission masks. Amplitude defects as small as 100
nm have been successfully characterized. Extension of this technigue to the more relevant reflection
mask configuration is also discussed. 2000 American Vacuum Society.
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[. INTRODUCTION of defects, is thus crucial to the optimization of conventional
metrology tools.

EUV lithography optics require unprecedented fabrication 14 gddress the at-wavelength mask-bank inspection con-
tolerance and hence unprecedented metrology accuracyeerns an EUV scanner based on raster scanning a focused
We h-ave. recently demqnstrated an at-wavelepgth holog )y spot along the EUV mask blank has recently been
graph|c. microscopy technique deyeloped .to monitor the CoEieveloped_’. This system has the capability of identifying the
herent imaging performance of high quality extreme uItra'Iocations of both amplitude and phase defects on multilayer

violet (EUV)3 I|thographlc optlca_tl syste_ms at 134 nm mask blanks. To enhance this system’s capability to charac-
wavelengtH This technique provides a simple and compact, . . ; .

: L . S terize defects, it would be desirable to add a holographic
method for recording aerial images without printing in pho-

toresist. Even though the holographic method is restricted t(tr)nlcroscol?g tt)o Ithe scgnngr. Ilthls combined dev(;cer:], thehde-
coherent imaging, while lithographic printing typically em- ects would be located using the EUV scanner and then char-

ploys partially coherent light, the partially coherent imaging @Ct€rized using the built-in holographic microscope. The ho-

performance can be readily predicted from the coherent imlographic method |s_ of particular interest becau§e few other

age. 100-nm-resolution holographic reconstructions of varimethods can quantify both the phase and amplitude of sub-

ous image distributions, including ones due to phase-shiftficron sized defects on EUV mask blanks.

enhanced masks, have been experimentally demonstrated In this work, we validate the concept of using the holo-

and verified by way of computer simulatié. graphic microscope as an EUV mask-blank defect inspection
Here we present the extension of the holographic microstool by characterizing programmed defects on simple trans-

copy concept to the characterization of defects on EUVMIission masks. In this demonstration, we consider amplitude

multilayer mask blanks. A significant concern for the com-defect sizes ranging from 500 to 70 nm. Extension of this

mercial viability of EUV lithography is defect control on the technique to the more relevant reflection mask configuration

requisite reflective multilayer masksBecause there are no is also discussed.

known methods to correct defects in and on a multilayer, it is

crucial to identify the defects providing feedback for the de-

velopment of a nearly zero-defect multilayer mask fabrica-

tion process. Tremendous progress toward the zero-defect

goal has been achieved using conventional wafer inspectiokh. EXPERIMENTAL SETUP

methods as the feedback mechanfs@btaining adequate

sensitivity to both phase and amplitude defects at the rel- The schematic diagram of the proof-of-principle transmis-

evant sizes, however, is an extremely challenging task foion configuration is shown in Fig. 1. The system is based on

these conventional tools. At-wavelength characterizationthe principles of lensless Fourier-transform hologrddyd

providing a more direct probe of the EUV optical propertieshas been implemented by modifying the EUV phase-shifting

point diffraction interferometer(PS/PD) developed at
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Fic. 1. Schematic of a holographic microscopy system to characterize Fic. 3. Typical hologram recorded with no defect in the transmission mask.

program defect in a transmission mask. The system is obtained by slighf) Fourier transform. The Fourier transform represents the reconstruction of
modification of the PS/PDI system. The imaging optic is illuminated with the image plane distribution. The almost perfect reconstructed Airy pattern
uniform coherent light. is a result of the errors in the reference and object waves canceling each

other out.(c) Defect-free intensity reconstruction after Fresnel propagation
to the mask plane.

A spatial filtering pinhole is used to produce a spatially
coherent spherical wave front that illuminates the imaging[
optic. The pinhole size is chosen to yield relatively uniform
illumination within the entrance pupil of the optic. A trans-
mission grating is inserted between the object pinhole an

the optical svstem to act as a beam splitter. oroducin mul—f interest yet smaller than the size of the window itself.
. P yStE am sp P g The two windows have dimensions of 2:Bnx2.5 um
tiple, laterally displaced, focal points in the image plane of

the optical system. A transmission mask containing two win-<-C. With & center-to-center separation gir. The center-
b y ) : 9 to-center separation is 2 times the window width preventing
dows is placed near the image plane to select two of th

orders diffracted by the grating. The rest of the mask is mad%verlap between the holographic image and the zero order

?’mage.3 The object window contains programmed square

o i o e e B el Gefcts with 725 anging fom 500 5 70 .
9 ySIS. ., _diagram of the transmission mask cross section is shown in

. . . \P—'ig. 2. The mask is fabricated onto 1000 AMj membranes
has no defectig. 2). From the point of view of holography, using electron beam lithography. The EUV attenuation for

the beam passing through the window with the defect serves aque areas of the mask and the programmed amplitude

as the object beam while the beam passing through the Cleﬁifects is provided by a 1000-A-thick film of photoresist.
window serves as the rgference. The two beams propagate Fse of photoresist as the attenuation medium facilitated the
the charge-coupled devi¢€CD) camera where they overlap ?wask fabrication process

J :

producing a h°'°gra”_‘- The hologram captures a record The object beam, which carries information about the de-
the complex-valued diffraction pattern created by the defec} ct, and the reference beam, which is simply a diverging

and Caf? be _used t(? recons_truct_ an |mage of t_he defect itse| pherical beam, interfere to generate hologram on a CCD
The imaging optic used in this experiment is a Schwarz

S- . .
child objective with 1< demagnification. The optic is com- detector placed approximately 100 mm from the image

ised of herical Mo/Si multi d mi h plane. The detector is a back-illuminated, back-thinned,
prised o two spherical Mo/Si multi ayer-coate_ MITOTS, NASE j\ cCD detector with 1024 by 1024 pixels over 1-sg-in.
n.ume_rlcal ape.rtur(aNA) 0f 0.088, and 409zm-d|am IMage-  4rea. The required exposure time is usually less than 1 s.
side field of view. The wave front quality of the optic has
been measured with the PS/PDI to be approximai¢R0
root-mean-squaréms) over 0.088 NA at a wavelength of lll. EXPERIMENTAL RESULTS

13.4 nm_? ) o o The method used to reconstruct the programmed defects
_The image-side transmission mask containing the W4y, the recorded holograms is described as follows. Be-
windows is placed about 12m beyond the image plane. qse the defect is placed out of the focal plane, the recorded
The mask is intentionally placed out of focus allowing apgjogram is not, strictly speaking, a Fourier-transform holo-
larger window area to be observed. In this way, large Ofyam  Simple Fourier-transform processing would recon-
multiple defects may be characterized in parallel, minimizinggy,ct the field in the focal plane, whereas we are interested
in the field in the defect plane. From the field in the focal
plane, however, we can readily calculate the field in the de-
fect plane by Fresnel propagation. The time required to ana-

he need for scanning the probe beam across the area of
interest. The beam size at the mask plane is abqut2in
iameter. This size is chosen to be larger than any defect size

Programmed defect

lyze th_e data is relatively short_when the location of the mask
L plane is well known. In practice, we have found the data
Object window  Reference window analysis to take approximately 30 s, although no effort has

been made to optimize the process.

Fic. 2. Diagram of the transmission mask cross section. The photoresist was ; ; ; _
used for necessary EUV attenuation on top of nitride membrane. The object A typical hologram recorded with no defect in the trans

window contains square defects sized from 500 to 70 nm, and the defecf§iSSION maslk is shown in Fig.(@, along with its Fourier
are amplitude defects and also made with the photoresist. transform, Fig. 8). The Fourier transform represents the
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Fic. 4. (a)—(e) Holograms of 500, 300, 200, 100, and 70 nm opaque defects
recorded on the CCD.
= Order-sorting mask

reconstruction of the image plane distribution. The almost — ML mirror

perfect reconstructed Airy pattern is a result of the errors in Programmed
the reference and object waves canceling each other out. | defect

this configuration, the system essentially acts as a shearirrlf 6.@ P g imental schematic of a hol hie mi .
. . _ai . G. 0. roposea experimental schematic ol a holograpnhic microscope to
interferometer, however, the object-side grating arrangeme Laracterize a reflective EUV multilayer mask blank. The same idea as with

results in the shear being virtually zero, hence the sensitivityhe transmission mask can be applied. The correct reflection angle is not

to aberrations is also nearly zero. This fortuitous resulshown.(b) Detailed view of the reflective mask region. The order-sorting

means that aberrations in the imaging optic will not ad-mask is p_Iaced_ before the reﬂ_ective m_a_sk. This mask Would_ contain two

versely affect the imaging performance of the holographi({ree-standmg windows respectively positioned on the two grating orders of
nterest.

defect reconstruction.

Figure 3c) shows the defect-free intensity reconstruction

after Fresnel propagation to the mask plane. This image ef-
fectively represents the illumination pattern at the mask
plane and can be used to normalize subsequent images ob-
(a) (b) © tained in the presence of actual defects.

Holograms for 500, 300, 200, 100, and 70 nm pro-
grammed opaque defects are shown in Fig. 4, and the corre-
sponding reconstructed images of the defects are shown in
Fig. 5. The reconstructed images cover an area oful/
X1.7 um and have been normalized by the mask-plane illu-
mination patterriFig. 3(c)], thereby, more accurately repre-
senting the transmittance of the mask. Square 500, 300, and
200 nm defects are clearly visible. The 100 nm defect is also
successfully reconstructed, however, detailed shape informa-
tion is lost due to the resolution limit of the holographic
defect microscope. Observing the reconstruction of the 70
nm defect, we see that its shape is indistinguishable from that
of 100 nm defect, however, the contrast is lower than the 100
nm defect case. We note that the rings around the small size
defects are most likely artifacts from the normalization pro-
cess and data analysis. The bandlimited coherent nature of
Fic. 5. (a)—(e) Reconstructed images of 500, 300, 200, 100, and 70 nmthe imaging process described here has the effect of produc-
opagque defects, respectively. The lateral dimension of the reconstructed intAg ringing in the reconstructed images. Another source of
ages is 1.X1.7 um. Square shapes of 500, 300, and 200 nm defects arg¢inging comes from the illumination itself which can be

clearly visible. The edges of the reconstructed images are a little blurry du?/iewed as an out-of-focus coherent image of the Schwarzs-
to the nonrobust defect material. 100 nm defect is successfully recon-

structed, but the detail shape of the defect is hard to be identified due to tHehild objective pup_il. _We have attempted tO_ mi_tigate this
resolution limit of the holographic microscopy. second source of ringing through the normalization process
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described above, however, uncorrelated speckle in the im- In the proof-of-principle experiment described above, the
ages renders this normalization incomplete. mask was intentionally positioned out of focus allowing a
The ultimate resolution of this system is set by the NA oflarger area to be inspected. There was no concern of refer-
the reference beam, which in turn is set by the NA of theence beam contamination because the reference window was
image optic(0.088 in the case presented hefEhis NA cor-  kept clean(no defects on the reference windpvn a prac-
responds to a resolution of approximately 100 nm. Charactical situation, however, it is not possible to distinguish be-
terization of smaller defects will require the use of a highertween the two beams. If both beams are of the same size on
NA imaging system. However, as noted above, because althe sample, they will be equally likely to encounter defects
errations in the imaging optic are effectively nulled out, it is and it will be hard to isolate individual defects. This potential
not necessary to use an extremely high quality optic. problem can be minimized by making one of the two beams
The characterization of phase defects on transmissiofthe reference beansignificantly smaller on the sample.
masks is currently being studied. The experimental configuThis could be achieved by adding optical power to the beam
ration would be identical to that described above with thesplitter grating allowing the zero and first-diffracted orders to
exception of the programmed amplitude defects being rebe focused to different planes as shown in Figh)6The
placed by programmed phase defects. The material to bgrating now effectively becomes a holographic optical ele-
used for the phase defects is Molybdenum which at a thickment.
ness of 86 nm provides a phase shift®fwith only 40%
attenuation. V. CONCLUSION

The use of holographic microscopy for the characteriza-
IV. CHARACTERIZING REFLECTION MASKS tion of opaque defects in transmission masks has been suc-
Here we have demonstrated the use of the holographicessfully demonstrated at 13.4 nm wavelength. The biggest
microscope for the characterization of opaque defects imdvantage of using a holographic technique is that both am-
transmission masks. To be a relevant tool for the developplitude and phase information can be directly obtained. Am-
ment of EUV mask technology, however, the holographicplitude defects of sizes ranging from 500 to 70 nm have been
microscope must be adapted to the characterization of refletiolographically reconstructed. The characterization of
tion masks. A proposed configuration for such a device iequivalently sized phase defects is currently under investiga-
depicted in Fig. 6. tion. A proposed holographic microscope system to charac-
The transmission mask used in the experiments describdédrize defects on a reflective EUV multilayer mask blank has
above is replaced by a EUV multilayer mask blank. Thebeen introduced.
EUV mask is tilted allowing the reflected object and refer-
ence beams to be recorded on the CCD. The tilt angle shoullCKNOWLEDGMENTS

not exceed the multilayer angle bandwidth, which is typi-  This research has been supported by the Semiconductor
cally less than 20°. The correct reflection angle is not showikesearch Corporation under Contract No. 96-LC-460 and the
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