
7l  I .  Thc or ig in .  sca i ing bc i r lv ior '  and con-

scguenccs of  the se rcar rangcme nt  e  vcnts

hai 'c nor vct been considercd' Presumabh"

as the foam coarsens and paclune condit ions

chanqc. local stress dif t-crences accumulate

undl a crir ical I 'alue is rcachcd and a rear-

ranqcnrent event occurs. This process musl

also plav an essential role in the rcleration of

applied sErcsses and therefore should prci-

tide imponant microscopic information

abour the macroscopic rheological behavior

of foams. In qeneral) rearranqement events

mav van'considerablv u'ith the narurc of the

foam, panicularlv u'ith the volume fracuon

of liguid and u'ith thc prevdence of bubble

coaiescence. Hou'et'er, the simpiiciq' and

converuence of thcse muidple l ight 'scaner-

ine techniques should enablc these and orh-

er- imponant fundamental propenies of a

u'ide varien' of foams to bc srudied.

1  1 0  l o c  l o o c

R

Fig. 5. Thc guantrn' l' 't,,f'3 \'crsus the rare of
rearranqcment evcnL( per unit vo.lume: \\'e csll-
marcd the ianer bv vieu'ing surface bubbles o,fr ?
microscope. Both quantines are in urur of s-'
cm-3. The sol id i inc is rhc best f i t  to lr to{ '3 :  R'

n'hereupon its iensth rs sudden.lv chaneed

and the phase is totah' randomized. Thus.

g i ( ; r is  an ensemble average of  the f racnon

of paths of lcn$h -. that have not been

randomized since rime ; = 0. If realrange-

ment evenc of a single size r occur randomir'

ar rate R per unir voiume. thcn

gi(r) :  s-1:1. The decav rate J..  depends on

the likelihood of a rearranqemcnt event oc-

curring u'i*rin the path and so increases

u'ith the oroduct of R and the path voiume,

-.f*2. u'hc re (* is the shoncsi meaningfuJ

lcngth scalc for a diffi'rsjve iight path. Also'
^y-. rn*t increasc u'ith r3/f'3. because larger

events u'ill afi-ect more iight paths. \\Ic there-

fore haye 1_. : R(-cf*')k'lf '),, comparlson

u'ith Eq. 5 gives ,o-t = Rr3. Phvsicalir'. :o

rcflects the average time inten'd benveen

rcarangement e\/en$ al anv slngle locaoon

in thc foam.
To test this modcl, in Fig. 5 u'c compare

Ilro9*3. measurcd bl DWS, q'ith R. esd-

matcd from thc rate of rearrangcmenrs at the

foam surface. Provided the average evcnt

sizr r scales wi*r bubblc sizc, our model

prcdica lf' o(3 a R. As the foam ags,

both quantides dccreasc bv man)'orden of

magnimde, and Fig. 5 dcmonstrarcs a linear

rclation over rhc full range. The result,

l fr6(3 = (35 = t0)R (10), implics that the

avcrage cvent sizc scalcs u'ith bubble sizc

and is on thc ordcr of tcn bubblcs in diam-

etcr. This is in cxccllent agrccmcnt u'ith our

microscope obsen'ations of r, confirming

the validiw of our model for DWS.

In contrast to traditional drnamic light-

scancring techniques, u'hich probc continu-

ous random movements, this form of D!\tS

probes events that are tcmporallv intcrmit'

tcnq largc in scaic. and spadallv localizcd.

Srudvine the rimc evoJution of the foam, u'c

f ind that R - t- ' '  u ' i th y = 2.0 * 0.1 (70,
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Molecular self-As semblv of Two-Terminal,
Voltammetric Microsensors with Internal References

Je.lres J. HrcrMql.i, DartD- Orpn.^Pl!'L E' Lalnnrts,
Geonir I{. \\THrrESrDEs, Ir[mx S. WnrcHroN+

Sclf-assembll, of a ferrocenyl thiol and a quinone thiol onto Au microelectrodes forms

the basis for a ne$, microsensor concePt: a fwo'terminal, voltammctric microsensor

r'ith refercnce and sensor functions on the sarne electrode. Thc dctcction is bascd on

measurcment of rhe potential d.iffcrencc of crurent pcaks for oxi&tion and rcduction

of thc referencc (ferrocenc) -d indicator (quinonc) in aqucous clcctrol,rtc in a

r*,o-terminal, linear swecp voltammogram in which a counterclcctrodc of rclativcly

large surface area is used. The quinone has a- half-r*'ave Potcntiil, Ettz, that- is

pH'-scnsitive and can be used as a pH indicator; thc ferroccne ccnter has an Er,t that

is a pH-insensirivc rcfercnce. ThJ kcy advantages arc that such scnsors require no

,.p"r"a. refcrence elcctrode and function as long as current peaks can bc located for

rcfcrcncc and indicator molecules.

Y'T 
'TE 

REPORT PROOF.OF-CONCEPT

\n / results dcmonsra.itg 
" 

nc\r'aP-

V V Proach to clectrochemical sen-

sors: r\r'o-tcrmind, voltammeric microsen'

sors u'ith intcrnd rcferenccs (Fig. l)'

Derection is accomplishcd by measurement

of thc potcnEial diffcrcncc' AE, associatcd

u'ith currenr pcaks for oxidation (or rcduc-

don) of microelccrrode-confned redox rc-

agents, u'here the magpinrde of AE can bc

rclated to thc conccntration of andrtc. Onc

of thc clcctrodc-bound rcagcna has an clcc-

trochcmical rcsPonsc that is insensidvc to

variadons in thc mcdium and scrvcs as thc

rcfcrcnce.At lcast one of the clcctrode-

bound rcagcnts is chemicallv sensidvc and

serves as thc indicator. Curcnt pcairs for

oxidadon or rcduction of thc rcferencc and

indicator arc dctcrmincd from nvo-rerminal,

linear s\l,eep voltammograms in q'hich a

counterclccgodc is uscd that has an arca

J, ). Hrckman, D. Ofcr, I{. S. Wrighton. Dcparoncnt ol

bh.-irm'. lrlassechusem InsnrutJof Tcchnologr'. Cam'

uijnl.ltr on39. P. E. Laibinis end G. M Vriiresidcs,
D.pi^-.ttt of Chcmrsrr', Harvard Untverstn', C'arn-

bn i iec .  MA 02138.

'To u'hom corres;rondencc should tr addrcsscd

scrENcE. \'oL. 252



much larger than that of the scnsor elec-

trode. A counterelecrode u'ith rclativelv
large surface area is necded so that thc iinear
s\\'cep of applied voltage will vield onlv a

change in potcntia.l of the sensor clecuode .
For cxampie, if thc counter electrode is I03

cimes as largc as the sensor clcctrodc, rhe
countcrelecuode pote nrial moves on.lr' - I
mV on application of a I-V potcndal differ'
ence. Thc kcv advanrage of our nerv device is
that it does not rcquire a rcference elecuode
because the indicator and reference mole-
cules are both on the sensor elecrode. A
second advantage is that the sensor funcoon
is bascd on peaii-to-peak separations, AE_.
rarher than on peai< amplirudes. According-
iv, thc sensor can be usefi:l as long as pcaks
can be located. even rvhen slow dccomposi-
non of the eiecrode-bound reagenc occurs.

Rcalizanon of a nvo-tcrminal. voltammet-
ric microsensor depends on discoven' of
viable reference and indicator moiecules that
can be confned to elecrode surfaces. Our
svstem is prepared bv self-assemblv of nvo
redox-active molecu.les on Au microelec-
rrodes bv adsorpcion of rhe RSH _qroup on
gold (as thiolate. RS-Au*, u'here R rs an
all<r'l group) (Fig. I) (1-i). The reference
molecule is a ferrocene (Fc), a redox cenrer
rvirh a chemicallv insensidve formal poten-
tial (5). The indicator molecule is a hvdro-
quinone (QHz), rvhich has a pH-dependent
redox porencial (7). Quinonc thiols (8, 9)
and ferrocenc thiols (10, 11) have been
anached separatelv to Au elecrodes.

One can modifv Au microclectrodcs (1?)
(-IOt pm') or Au macroelectrodes (-1
cm2; wirh QH, (1j) or Fc (11) bv dipping

r o O
FcC(CHr),oSH

F#(cH2)1osH
+

H?O(CH2)8SH

-  o .4  0  0 .4  0 .8
Porential (v)

the Au rrto solutions containing one or

borh of the thioi reaqenc (14). Ct'cIic vol-

rarrrmognms for Au macroelectrodes mod-
r-6ed wrth pure Fc, QHr, or a combtnadon
of Fc and QH", are shou'n in Fig. 2. The

electrochemical response is persistent and

consisrcnt *'ith about one monolaver of

redox-actir"c moieorles. Covcrages deter-

mined from inregrarion of the current-volt-

age ctrnrcs are 3 x l0- lo to 5 x I0-Io

mol/cm2- The combinadon of QHr and Fc

on the Au viclds an clecuochemicd rcsPonse
expeccd from thc prescncc of both rcdox
svstems. Thc elecrochcmical response for a

Au microclccrode derivacizcd wirh QH,

Fig. 2. Cvclic volrammetrv ar threc scan rarqs fr>r
Au macroelectrodes in 1.0 N{ NaClO. at  pH 1.5
bud-cr (phosphate) dcrivauzed u'rth onlv acvl Fc
rh io l  f  5 .2  x '10 - ro  mo i / cmr l  ( rop ) ;  onJv  Q ' th io l
(5 .6  x  l 0 - r0  mo l / cmr l  lm idd . l c ) ;  -d  a  mrx ru rc
of  the ao' l  Fc th io l  and Q th io l  at  3.9 x l0-ro
mol/cml and 1.7 x I0-10 mol icm2. rcspccr ivc lv

lbonom t .

and Fc ar rwo values of pH (Fig. 3) indicares

thac thc redox potcnrial for the Fc*-Fc

svstcm (Eq. I) is pH-irsensidve, rvhcrcas

rhc rcdox response for thc Q-QHr svstem

(Eg. 2)  depends on pH.

F c t  + e - =  F c  ( l )

Q + 2 e - + 2 H ' =  Q H z  Q )

When rhe Au microelectrode is run as the
sensor elecuode in a rwo-rerminal device
(-I cm2 Pt counter elecrrode), the voltam-
mograms are superimposable on the cun'es
shou,n in Fig. 3, u'here a saruratcd calomel
(SCE) reference elecrrode rvas used. The

microclecrrodes shorv a somervhat smallcr

potenriai window than macroelecrrodes in
the aqueous eiectroirtes. This disadvantage
is, however, compensated for bv the fact that
microelecrrodes modified rvith a monolaver
of reference and indicator molecules mrni-
mize the charge passcd in effecdng the
movement of potcncid of the sensor elcc-
uode. Thus, both the sizc of the countcr

eiectrode and rhe pcmrrbation of rhe solu-
cion interrogated can bc minimized.

The surface-conlined Fc*-Fc svsrem be-

I
- zooi

I

A
R + R +  u + n a

[]:r
l 1

?x
* QHe ' 

$,."r5 r*
O H

tl
-  Fc  r  <F -C- (gH?) rOSx

lr
@

o f

9 ( c x ? h s H
F.€

B

Eloctrodo wrdr
rca.lrr€ty hEh lloo?ied Au
SUlaOS arBa mrcroaledo&

\  o r " r , /
t l

-
l v l

3  MAy  l99 l

Fig. 1. (A) Concept of a rwo-
tcrminal, voltammctric microscn-
sor showing idealizcd resporuc ro
a spccics L that binds to thc indi-
cator moleculc M. The lincar
swecp voltammograms rcved a
difference between the currenr
pcaks for oxidizing the reference
molecuJe, R. and M or M-L, dc-
pcnding on thc prcence of L. (B)
Svstcm dcsigncd for measunng
pH whcrc thc Fc thiol can scn'e
as a refercncc, R. and rhc QH2
rhiol can scn'c as an indicaror. tr{.
for pH.

Maroelffiodc

Ebalodc wittt
rda6r.t hgh
$fi-t arBe

\ , ,

t l- r l  
l + L

I t

4 . 1

o

(,

tJ- Rt

{.4 0 0.4 0.8
Pol.nilrl M

Fig. 3. Cvclic voltammcmr (500 mV/s) of Au
microclectrodcs dcrivarizcd with a mixrure of ao'l
Fc rhjoi and Q thiol at pH 1.4 and pH 6.0. Thc
solunons uscd u,crc phosphatc buffcn in 1.0 M
NaClO. base electrolrte; en SCE rcfcrcnce clec-
rrode g'as used.
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Fig. 4. Plot of E,.- r'crsus SCE for thc surface-
confncd Fc *uol versus pH {rop) and plot of
differcnce in cathodic currcnt pcak for surfacc-
confncd ao'l Fc* and Q versus pH from nlo-
rcrminal, r'oitammcrric scans. .tll ciam arc from
voitammograms recorded at 500 mV/s in i.0 I{
NaClO. in bu6-crcd soludon.

haves idcaih'(/5) at al l  vaiues of pH inves-
risate d (0 ro l0 t. The surface-confined

Q-QH: svsrem is not ideal rn thar there is a
Iaree drfrerence in the porcnoal for the an-
odic and cathodic currenl peals. Such be-
havior is u'eil ciocumented for orher qur-
nones (9, 16\. Airhoueh the Q-QH. svstem
is nor idcal. the eff'ect of pH on the electro-
chemicd response of Q-QHr is reproduc-
ible. Both the anodrc and cathod:c currcnt
peak for the Q-QH: svstcm shift to more
posiuve potendds at los'cr pH. The E,,. of
the surface-confncd Fc*-Fc svstem is pH-
inscnsitive and thc potendal differcnce bc-
n4'een the cathodic crurent peaks, AE*. is
pH-dcpendcnt for the processes shou'n in

Eqs .  I  and  2  {F ig .  4 , .  Thc  l t nca r  r cspo l l ( c  t ( i

t i rc solut ion pH f<rrnls thc basrs fcrr r pH

sensor svstem u'hcre rhc Fc*-Fc scn'es as t i tc

reference and the Q-QH. sen'es as thc incir-

ca ro r  (F ie .  I  ) .
These resuks illustrate our concepr of a

ru'o-terminal microelecrrochemical sensor'

Srudv of eiccrrodes mod-rfied u'ith Q and

I l- fcrrocenvlundecancthiol.  Fc(CH2 ),,SH
(70). and subscquendv examined in highlv

acidic mcdia cstablishes a possiblc applica-

oon of our ne\\' conccpr. The elccrrochemi-

cal response of a dcrivatizcd Au macroelec-

trode in aqueous mcdra conraining dift-erent

conccnrradons of HCIO4 is illusrrated in

Fig. 5. Thc elccrrochemical rcsPonse of the

rcdox molccules persists even in i 0 ,\1

HCIO4. Notc that the response for the

Q-QH, s\rstem moves from -0.5 \i ncga-

nve (pH = 11)of  the Fc ro  -0 .5  \ /  pos inve
(t0 M HCIO4) of Fc for the mcdra u^sed.

.N{easurinq H* acdvin' in hiehlv acidic me-

dia is thus possiblc u'ith rhe eiecrode mod-

i f ied u ' i th  both Q and Fc (CH' ) r ,SH.  Ear-

lier u'ork has e-srablished the constancv of

thc redox potennal of a surface-confined Fc

ar  ven 'h ieh H* act iv in ' ( /7) .  jusdf  ins  our

r:^se of the Fc as an inrernal refcrence in such

me,ha. In applicaooru. locaong peali posi-

dons in llnear s\\/eep voltamnterv can be

improved u'ith the use of derivarive voiram-

metq'(18). The linear s\\'eeP voinmmograms

and thc first dcrivarives in 0.I I'1 and 3 ]\{

HCIO4 illustratc thc usc of thc cierivauvcs to

esnblish thc dift'crcnccs in thc pcak posioons

for thc oxidadon of the Fc and the QH,
ccnters confned to a Au elccuode (Fig. 6).

The proof-of-conccpt microsensor svstem

describcd herc can bc easilv cxtended bv use

of othcr spccific indicator molcculcs. 14ono'

laver rcdox reagcns and microelectrodes are

not rcquircd. but thcir use has thc advanrage

that verl' small amouna of charge arc in-

volvcd in dctecdon. Thc sclf-assemblv of

thiol reagcna provides a reproduciblc mcth-

od, applicable to man)'chemicai funcrional-

ities (1-f 8-11), for assemblv of devicc-

acdve materids, but thcrc arc a largc number

of other clectrodc modificadon tcchniques

that can bc uscful (/5). Au clectrodcs deriva-

rizcd u'ith thiol rcagcnm arc robust" but

long-tcrm durabiiin' is an issuc in man)'

scnsor applications. Scnsor clccrodcs de'

scribcd havc been uscd intcrmincndv over a

pcriod of so'cral wcek w"ith rcproduciblc

* ?!: .^ '  . . .--

t 2 5  -  F c -

i

-?5' 
,l,"nr,", ,ti '|, 

s' 3

Fig. 6. Linear s\\'ccp voirammoqrams (500 mVrs)
and their firsr derivativcs for oxidation of alln'l Fc
rhiol and QH2 thiol confrncd ro a Au macroelec-
rrode. Top nvo panels, 0.1 Il HCIO1. Bonom
nvo panels. 3 I{ HCIO". Thc porcnrial scaic is
relarive to thc Fc oxdarion \.\'ave.

response to variarion in pH. At ieasr the
nvo-rerminai. r'oitammctric microsensor is
self-assessinq in thar failure of the do'ice-
acuve materials is revealed bi' * inabilin'to
dcrect clrrrcnt pcals. It should be possiblc to
devise muldplc-response. ru'o-terminal mi-

crosensors bv incorporation of morc than
one indicator molecuie.
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12. The microclcctrotjc 3'rravs consist of cight u'ires ( - 2

pm widc bv -50 Fm long by -0'I  ptm thick)

scparatcd from cach othcr br' 1-I.j. rrm on a llat

Si.N.-coarcd Si substratc [G. P' Kinicscn, H' S'

Whjtc. M. S. Wrighton.J. Am. CIrm' Sor' 106.

7389 (1984)].  Thc lcads connecung rhc microclcc-

sodcs to macroscopic bondlng pads were cncaPsu-

latcd undcr an addidonai lavcr of Si3N.. Thc clcc-

sodcs wcrc clccuochemicdlv platcd *rrh an

addioonal lavcr of frcsh Au and clcancd bv sonica-
rion and t}en furthcr clcancd h an 02 plasma for 8
m-rn, aftcr which oxidc was rcduccd bv scaqncnr for
2 min in an H2 piasma. Ail cight microclcctrodcs
,,r'ere dcnvadzrd and uscd as onc scnsor clecuode of
-103 pm2 arca.

I3. Prepararion of 2-(8-mercaptoocwl) hr'&oqurnopc
involvcd scvcral stcps: 1,4-drmcthorv-bcnzcnc was
deproronatcd with n-bun'l[dlum and addcd to cx-
cess i . 8 -di bromoocane ; vaculun diso llari o n a6-o rcj -

cd 2-i8-bromoocn'l)-1,4-drmcrhonbcnzcnc; dc-
methvlarion was accomolished in ouanotaove ricld
with BBr3; thc bromidc u'as displiccd bv *r-ioacc-
tatc; and subsequent hvorolr:is undcr acidic concii-
oons vicldcd rhc rhjol. u'hich u'as purifcd bv cir.'o-
marographr'. I{atcnals werc charactcnzcd bv tH

\I1{ spcctoscopr'. -{:ralvsis: caicuiatcd (iounor tor

C 1 * H 1 2 O 2 S :  C . 6 6 . 1 0  1 6 6 . 2 1 t ;  H .  8 . : l  ( 8 . 5 8 ) ;  a n d

s. 12.60 (r2.57).
14. Thc molccu.lcs u'crc sclf-asscmbled onro Au surtrccs

bv placemcnt of thc Au into - I mM solurions of Fc

"i QH, in rctrahvdrofuran (THF) or l:l ethanol:
hcxanc. .l\{irrurcs of Fc and QH2 wcrc scif-asscm-
blcd onto Au from a 2: I QH2 : Fc trlrxturc in THF or
in l:l crhanol:hcxanc ar I total thiol conccns'aoon
of -l mM. All dcrivari"^rioru werc qrricd our
undcr Ar at 25'C for -24 hours.

15. R. W. Murray, in Electroaulytkol Chemistry. A. I.
Bard" Ed. (Dckkcr, Ncw Yorlq 1984), r'ol. 13, pp.
19l-368, and refcrcnccs drcrcin.

16. E. I-anron"J. Elcamaul. Chan. 146, 15 (1983);

i b i d .  L & , 2 1 3  ( 1 9 8 4 ) .
17. A. B. Fischcr. thcsis. Massachtrscm lrucirurc of

Technolog,v, Cambridgc ( I98 I ).
18. V. D. Perkcr. ln Elcctroanalyttal Chcmistry, A. I.

Bard. Ed. (Dckkcr, New Yorlq 19861, vol. 14, pp.
I - I  I  t .

19. Wc rhanl thc O6cc of Navd Rcscarch and thc
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Ag.nq'.
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dvnamrc rangc is larqe . rhe contrasr of thc
image is inevitabiv low. A.FII is a qood

rechnique for examining low-conrrasr to-
pograph\' .  Moreover. rhe rcl icf hcight can
be mcasured with high prccision, which
allows us ro discuss the densin' of spcci-
mcns quanritativelr'. Wc report the use of
AFlt{ in contact XfuM in imaging sea ur-
chin sperm.

Aftcr a detaiied srudv of the laser-plasma
x-rav source (7), we succeedcd in obtaining
one-shot x-rav image of specimcns in water
bv using a low-energ (2-D lascr puise (8)
(Fig. i). The major concern in using a
lascr-plasma x-rav source was the effect of
uiaavioler (UV) emission and dcbris from
thc piasma (9). Wc confirmed expcrimcntai-
lv rhar rhe contribution of IJV cmission to
resisr exposure \\'as ncgligble. Although the
0.I-;r .m-drick si l icon nir ide (Si3N4) mem-
brane used as an x-rav window was broken
afrer rhe x-rav exposure, the dcbris did not
ieach the resist surface when a specimen in
\\'arer \\'as imaged. The water berwccn thc
membrane and rhe resist protected the rcsisr
surface from thc debris. The specimen \&'as
the spcrm of a sea urchin Anthoddaris cras-
sisspina in semen solution. The undilured
semen was stored ac 4"C. For the observa-
rion, rhc semen was diluted with a one-
quartcr voiume of artifciai seawater. A drop
of rhe diluted semen was sandwichcd be-
rween the SirNn mcmbrane and a polvmc-
rhvlmethacn'iate (PIvLVLA) x-rav resist. The
laser plasma was produced bv a frequenq.
doubled glass laser pulse (500 ps, 2 J). The
specimen u'as placed 6 mm from thc x-rav
source. The x-rav energy dcnsin' on rhe
resisr w'as 5 to I0 mJ/cm2. The main conrn-

Three-Dimensional Readout of Flash X-ray Images of
Living Sperm in Water bv Atomic-Force Microscopv

T. Tortrrr,* H. Srrntrzu, T. lzlrJr-vt-{) M. Ya,r,ltoA, T. Kaxaxa"ur,
H. KoxDo, M. YrNo. M. Oxo

Thc imaging of living specimens in water by x-rav microscopy can bc greadv cnhanced
with the use of an intense flash x-rav source and sophisticated technologies for reading
x-rav images. A subpicosecond x-rav pulse from a lascr-produced plasma was uscd to
record thc x-rav i-"g. of living sea urchin sperrn in an x-rav rcsist. The resist refief was
visuelizcd at high resolution bv atomic-force microscopv. Internal strucrure of the
sperrn head was evideng and the carbon densiqv in a flagcUrun was estimated from the
relicf height.

-RAY MTCROSCOPY (,xR*\'I) FLAS
many potenrial advanrages over elec-
tron microscopies (EMs) (1). The

most favorcd applicacion is the obscrvadon
of living cells in warer with rhe usc of x-ravs
in thc so-called water-window wavelength
region (2.32 to 4.37 nm). Akhough rherc
have bccn many synchrotron-radiation
XRM snrdics (2) u'ith an cxposurc timc
longcr than a few seconds, flash exposruc is
esscncial for high-resoludon imagng (J).
AJthough a 100-ns x-rav pulsc was used in
the 6rst cxpcriment of flxh ,XRlvl of speci-
mcn in water (4), thc maximurn exposure
rime for high-rcsoludon imaging is consid-
ered to be shorter than I ns. as discussed
below. Such a shon duracion flash x-rav rs

currendv available onlr' from a lascr-pro-
duced plasma.

Along widr thc difficulw of obraining an
intcnse flash x-rav source, thc othcr major
problem in flash XRtvl has been reading the
x-rav images. High-rcsoludon flash XRI{ is

possiblc at prcsent only in contact XRJvI, in
*'hich thc x-rav shadow of a spccimcn is
recordcd in rhc closelv contaced x-raY rcsist.
Thc magnificarion of thc image is achieved
in the cxamination srage of the recordcd
profi.le. In the exa-rnination by EMs, radia'
cion damagc bv thc clectron beam of thc
resist surface or a rcplica of the rcsist rclief
has becn a scrious problcm (5). Wc havc
nscd atomic-forcc microscopy (AFM) (5)

bccausc the relicf on a nonconducdng resist
surface can bc cxamincd direcdy without
coadng or making a rcplica. In microscopv,
one wants ro obscrve both thin and *uck
fearurcs in thc same image, and thc record-
ing matcrial should havc a large dvnamrc
ranqe, contrarv to thc casc of lithographr'. in
u'hich an on-off pancm is required. \\he n a
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T. Tomic. H. Shimizu T. Maiima. M. Yamada. T.
Kanavama. M. Yano, M. Ono, Elecsotechrucd Labon-
torv, Tsukuba. Ibaraki. 305 Japan.
H. Xondo, Nikon Clrporau6n. Tsukuba Laborarorv,
Tsukuba. Ibaraki, 300-26 Japan.

Fig. 1. Expcrimcnnl confguradon. A silcon ni-
mdc mcmbrane of 0.I-p,m thickncss supponcd
on a silicon wafer was used as an x-rav wrndow.
The mcmbrane maintaincd thc prcssurc diffcrence
bcrwcen the vacuum region for the x-rav genera-
tion and the amrosohcnc spccimen environment.
Thc x-rav imagc is iccorded in Pl\{..!LA x-rav rcsisr
of 0.5-um thickncts sDun on another silicon
wafcr. The scpararion bc'ru'ccn thc mcmbrane and
rhc resist u'as 3 pm and rvas cstimared from the
x-rav rransmission throuqh rvarcr. Thc mirumum
separatron is |mircd bv ihc ffamcss of u,afers.'To u'hom correspondcncc should bc acidrcsscd
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