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Patterned Condensation Figures as
Optical Diffraction Gratings

Amit Kumar and George M. Whitesides*
Heterogeneous, patterned surfaces comprising well-defined hydrophobic and hydrophil ic
regions and having micrometer-scale periodicit ies were prepared by patterning the ad-
sorption of t 'r-functionalized alkanethiolates in self-assembled monolayers (SAMs) on gold.
Condensation of water on such surfaces resulted in drops that followed the patterns in the
SAMs. These patterned condensation figures (CFs) acted as optical diffraction gratings for
reflected (or transmitted) l ight from a helium-neon laser (wavelength of 632.8 nanometers).
Under an atmosphere of constant relative humidity, the development of the condensation
figure was monitored quantitatively, as the temperature of the surface was lowered, by
following the change in intensity of a. f irst-order diffraction spot. This experimental technique
may be useful in the development of new types of optical sensors that respond to their
environment by changing the reflectivity of patterned regions and for studying phenomena
such as drop nucleation, contact angle hysteresis, and spontaneous dewetting and break-
up of  th in l iquid f i lms.

C.r.d..rotion hgures (CFs) are arrals r)i
l iquid drops that form upon condensarir)n of
vi,rpor onto a sol id surface (1, 2). Thc
cxamination of condensation l icures has
historical ly been use.l  as rr mcthod to char-
:rcterize the degree of contamination on an
otherwise homogeneous surface (1 ) .  We
have been able ttr  impose a pattcrn on
arrnys of condensed drops by patterning thc
surface underlying them into regions of
different solicl-vapor interfacial fiee cncrgy
and have characterized thc patterned CFs
by photomicroscopy (3). Hcre we demon-
strilte that appropriately pattcrned CFs car-r
be uscd as optical dilfracrion grarings and
that examination of the diffraction pattt:rns
provides both a rapid, nondestrucrive
method for characterizins them and an
approach to sensing their en,u' ironment.
Becausc the fcrrm of the CFs-that is, the
size, dcnsity, i rnd distr ibution of the
drops-is sensit ive to enr, ' i ronmentzrl  fac-
tors, CFs of appropriatc size and patten'r
diffract lieht and can bc used irs sensors. We
demonstratc this principlc by correlat ing
the temperature of :r substrilte patterned
into hydrophobic irnd hydrophilic regi()ns,
in an atmosphcre of constant relat ive hu-
midity, wirh the intensity of l ight di l l racred
tionr CFs otr thcsc rcgions.

Appropriate patterns were formed fronr
self-asscnrblcd monoliryers (SAMs) on gold
by using combinirt ions of hexadecanethiol
ICH r  (CH])  , rSHl ,  l6 -merc: rprohexadcc i r -
no i c  ac id  IHS(CHr ) r sCOOHl ,  i r n t l  I 1 -
mercaptoundecanol  IHS(CHr) , ,OHl .  Scv-
eral techniqucs are nou' avai lablc f irr  pre-
pilring patte rns of tu'o or more SAMs har'-
ing 0 .1-  to  10-prn d imensions (4-6) .  Hcrc
u'e uscc' l  a polydimetl ' rylsi lox:-rnc (PDMS)
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stamp, repl icated trom a photol i thographi-
cal ly patterncd polymethylmethacrylatc
mi:lstcr, to trarnsf-er thiols ttt the surflrcc '.rt'
gold (, / ,  Z). The procedure f irr  thc prepam-
tion of thc patterncd surf:rce and a scanning

clectron n'ricrograph (SEM) of u rel',rcscr-r-
tat ive pattern :rre shou'n in Fig. 1.

The extent of firrmiltion of CF. l. u
f irnct ion of the temperature of thc srlr t i rcc
in  contact  w i th  mois t  a i r  is  shor i 'n  in  F ig .  J .
At 20"C, arr incident bcam of l ight fr trn.r u
laser  (hc l ium-neon lase r ,  u 'uve lcngth :

612.8 nm) produccd a s ing le  rc f lec te . l  spot
[. 'ccirusc n() w:]tcr had con.lcnscrl  trn thc
surface, and the rct lect ivi t t '  ot '  thc rct i() l ts
covered witl-r diff'erent SAMs \\'crc cffcc-
t ive ly  ind is t ingu ishable .  As rhc rcnrpg l ;1-
ture of the surface was lou'crc.1, . l r . . ,plcts ol
water formcd on i t ;  thcsc clr()plcts ini t ial lr '
f i rrmed prefcrential ly on thc l ivJr,,phi l ic
regions. Diffr:rction pirttenrs af[-rgx1.,.l ir-r
the l ight ref ' lected from thc sLrrt lcc. LTn,- ler
these condit ions, l ight u'as rcf lccte. l  c.. ,hcr-
ently from the regions n'herc no u'r i tcr hutl
condensed and was scr:rt tcreri  bv r l-rc rcsions
where water ha.l  condcn:;et l .  A: thc rcnr-
per:rture of the surfacc $'lrs Jccrcrr:ctl fur-
ther, enough water condcnsc.l  () l l  thc sur-
face to begin bridging tl-rc l'rvJrt,1',hilic rc-
gions; the periodicit l '  of thc pi lrrcrn
ch:rngcd, and the diffraction [.cg,rr-r to \\'cuk-
en. When bridging \\ ' l ts c\tcl tsivc t ,r  cout-

F ig .  1 .  Procedure for  fabr rcat ion o f  e las tomenc
stamp and preparat ion o f  pat terneo s- r face
(4) Features are not drawn to scale (A) An
e x n o s e c l  a n r ^ i  d c v e l o n o r i  n h n l n r A e r c t  n : r l e f l  O nu u r J ,  v s r

a si l icon wafer was used as the master Poly-
drmethy ls i loxane (PDMS, S i l icone Elastomer
184  Dow Corn ing  Co rp ,  M id land  Mrch rgan )
was polymerized on the master and careful ly
peeled away (B) (C) The stamp was rnked by
exposure to  a  so lu t ion (1  to  10 mM rn e thanol )  o f
one a lkaneth io l ,  the PDMS areas that  were
brought  in to  contact  w i th  the ink  swel led s l rght -
ly (D) The inked stamp was brought rnto con-
tact with the gold substrate and removed (E)
The substrate was washed for 2 to 4 s wrth a
so lu t ron of  a  second a lkaneth io l  (1  to  10 mM in
ethanol) The substrate was f inal ly washed for
10 s  wr th  e thanol  and dr red in  a  s t ream of
nr t rogen.  In  (E)  the reg ions of  the SAMs con-
ta in ing hydrophobrc  groups are rndrcated
schemalrca l ly  by a  dark  l ine and the reg ions
contarn ing CH.  groups by gray shadrng (F)
This electron micrograph rs representatrve of a
pat terned sur face (B)  A s tamp havrng square
features,  25 pm on a s ide,  was used to  pat tern
HS(CHr) , .CH.  ( l rght  reg ions)  on the go ld  the
gold was subsequently exposed to
HS(CHr)  ,  ,OH (dark  reg ions)
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Fig. 2. Schematic represen-
tation of the formation of con-
densation f igures. In the ab-
sence of condensation, the
incident laser beam is reflect-
ed as a single beam. As the
temperature (f) of the sur-
face is lowered, water from
the air condenses on the
surface. Condensation pro-
gresses from a few nonuni-
form droplets on some of
the hydrophil ic regrons to
uniform droplets that cover
al l  of the hydrophil ic re-
gions. A dif fract ion pattern
appears as the CFs form
coherent patterns, and be-
comes more intense as lhe
hydrophil ic regions become
uniformly covered with water
Eventually, bridging occurs
between adjacent droplets
and the diffraction pattern
weakens and drsappears

Fig. 3. Electron micrographs
of patterned surfaces l left)
and dif fract ion patterns from
CF formed on these surfaces
(r ight )  (A)A SAM compnsrng
l ines o f  HS(CHr) , .CH,  ( l ight )
in a f ield of a SAM formed
from HS(CHz) , .CO"H (dark) .
and dif fract ion of a helrum-
neon laser beam (\ :  632 B
nm,1 mW) f rom a CF formed
on this surface (B) A grid
formed by stamprng HS-
(CH2)1sCH3 ( l ight )  fo l lowed
by exposure of the surface to
HS(CH2) lsCOrH (dark) .  and
the corresponding dif fract ion
pattern. (C) The dif f  ract ion
patterns of surfaces with
more than one periodicity are
d is t ingu ishable .  (D)  A sur-
face having three patterned
SAMs and corresponding dif-
fract ion pattern. In thrs pat-
tern ,  ver t rca l .  l ight  l ines are
-S(CHr) , rCH. ;  hor izonta l ,
l i gh t  l i nes  a re  -S (CH ' ) , , -  OH;
and the dark background is
-S(CHr)15CO2H. The prepa-
rat ion of the surface and the
correspond ing dif f  ract ion pat-
tern are described in the text

Uniform reflection;
no diffraction

Diffraction appears
weak

lntense diffraction

Diffraction becomes
diffuse

Diffuse reaction

I 'i'"1 I
Drop of

/-/ ;TS'""'"0

plete, the diffraction patrern disappeared
and reflection from the primary beam was
also dif fused by scattering.

E[ectron micrographs of four representa-
tive patterned surfaces and diffraction pat-
terns from the CFs that firrmed on then-r are

Hydrophilic SAM
(hydroxyltermination) HydrophobicSAM

(methyl termination)

shown in Fig. 3. In the SEMs shown in Fig.
3, A to C, the clark regions are SAMs
terminated with carboxylic acid groups and
the l ight regions are SAMs tcrminared wirh
methyl groups. A pattern formed from re-
gions of methyl-terminated, carboxyl-ter-
minated, and hydroxyl-terminated SAMs is
shown in  F ig .  lD (8) .

The surfacc in Fig. 3A was formed with
a stamp consist ing of paral lcl  l ines to im-
pr in t  i , r  pat tern o f  HS(CHz) ,5CH, .  The
surface in Fig- JB was formed with the same
stamp as that for the pattern in Fig. 3.A by
imprinting the surface twice with the sramp
rotated by 90'betwecn imprints. The pat-
tcrn of Fig. 3C was formed by imprinring
once with a stamp consisting of two dilfer-
ent latt ices. Figure 3D underscorcs rhe uri l-
ity of the rubber stamping technique for rhe
formation of patterns with more than twcr
SAMs- The grid was formed by hrst stamp-
ing para l le l  l ines wi th  HS(CHz) , rCH,  and
then a series of paral lel l ines with
HS(CHr) , ,OH rv i th  a  d i l terent  s tamp.  The
tu'o scries of paral lel  l ines had dif ferent

l-'crio.'licities irn.l dil1-erent oricntations. Thc
l.uckgr,rLrn,-'l was deril'atizecl by exposure of
t hc  subs t ra t c  t t ' '  HS(CH, ) r5COrH .

Tl-re tlifliaction pitttcms observed from the
pattcmed SAMs in Fig. I arc those expectcd
trom ir reflcctive surface covered with nonre-
flecti"'e clrops whose shapes replicate those of
thc underlying hydrophilic SAMs. The dif-
fraction pattems were photographetl when
the surfaces were at a temperaturc that pro-
duced the most inrense difliaction.

The difliaction pattems fiom Fig. 3, A and
R, are straightforward, whereas the difliaction
pattems from Fig. 3, C and D, are more
complex- The partem of Fig. JC has two
periodicities in surface patteming: a lattice of
smilll fbatures with a small sp:rcing and a
li,rttice of lirrger f-eatures with a largcr spacing.
The diftraction pattems lrom these two lat-
tices are clearly separated in Fig. 3C. This
rype of separation offers thc opportuniry ttr
cxamine thc comparative rates of formation of
condensation drops on areas of different size,
shape , and in principle surface composition by
using one as a reference for the other. The
parrem of Fig. 3D has two latrices of different
periodiciry, orientation, and composition.
The two independent difliacrion parrems
(Fig. lD) are disringuishable by oricntatitrn
and latticc spacing. By varying these parame-
ters, it should be possible to place a number of
independent diffracting elements on a com-
mon surface.

Quanti tat ive measuremenrs of the in-
tensit ies of the di l fract ion spots wcre use-
ful in determining the propcrr ies of the
environment and progression of condensa-
t ion. The patrern shown in Fig. JA was
placed on a brerss stagc whose tempera-
ture could be varied under an atmosphere
of control led rel i i t ive humidity. The sam-
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addit ion, advancing and receding contact
angle measurements on surfaces of SAMs
exhibit  considerable hysteresis, ref lect ing
the dif ferent factors that control wett ing
and dewet t ing (10) .

Figure 4B shows linear relations between
relative humidity (over the range fiom 48
to 58olo at 25'C) and the intercept on the
temperature axis for a line {it through the
rapidly rising portion of the cooling clrrves
and thc rapidly decreasing portitrn of the
warming curves. These data demc)nstrare
that diffraction fnrm these systems of pilt-
terned SAMs is very sensit ive to relat ive
humidiry and sr-rggest the use of these svs-
tems as sensors f irr  humidiw and other
environmental factors. In acidit ion to r l i f -
fraction in a reflective gcometry, thcsc st's-
tems also producc di l l r ;rct ion in i l  trzlnsntis-
sion geometry. The uSt: tr l  \cmitratnspitrent,
rhin (100 to 100 A) gold f i lms, deposited
on glass sl idcs ( l  1), al lowed t l i f fract ion lnrm
condensation ligures to bc c''bserved for
incident beams that were transmitted
through the condensation frgure.

These studies demonstrate the ut i l i ry of
regularly patterned SAMs as diffracting sys-
tems with which to analyze and use CFs.
The ability to change the size, shape, and
chemical composit ion of mult iple arrays ot
spots simult i ineously and independently,
:rnd to study the diffractior.r of light fronr
them as a function of propert ies-the vl lp()r
pressure of condensablc vapors, tcnrl ' rg111-
ture, and concentrat ions oi nratcrials thrtt
might adsorb f iom solut ion or suspelrsi() l t ' --
of the environment surr()unding the surf lrce
that influence their reflectivity milke these
systems hlghly flexible tools wirh which to

study phenomena in surface science (12).

Their versatility, and the abillty to use
optical methods fcrr assay, may provide ad-
vantages in designing sensors that are not
przrct ical with other techniques. In addi-
rion, this very sensitive method of charac-
terizing CFs will be useful in studying the
pr()cess of nucleation and formation and
breakup of thin lilms.
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Fig. 4. (A) Plot of intensity of a f irst-order
dif fract ion spot as a function of temperature f of
the surface. Under atmospheres of dif ferent
relat ive humidit ies, the surface shown in Fig. 3A
was cooled or warmed, and the intensity of a
f irst-order dif fract ion spot was monitored wrth a
UDT-Sil icon photodiode (United Detector Tech-
nologies, lrvine, Cali fornia). The sol id points
were measured as the sample was cooled (0 5"
to 1'C per second), and the open points were
measured as the sample was warmed (1' to
2'C per second). (B) The intercepts on the f
axis of l ines f i t  to the r ising and fal l ing port ions
of the curves shown in (A) are l inearly related to
the relat ive humidity

ple was cooled or warmed, and i ts temper-
ature was monitored with a thermocouple.
The quanti tat ive change in intensity as a
function of sample temperature frrr a first-
order dif fract ion spot under atmospheres
of di l ferent relat ive humidit ies is depicted
in  F ig .  4A (9) .  In  a l l  cases,  as the temper-
ature of the surface decreased, there was
init ial ly a slow rise in intensity (not visible
in Fig. 4A), fol lowed by a rapid r ise. As
the sample was cooled further, the water
droplets began to bridge across the hydro-
phobic regions, and a decrease in intensity
was observed (not shown). The warming
curves exhibited signihcant hysteresis from
the cool ing curves. This hysteresis may be
due to several factors. During cool ing, the
surface temperature must be low enough
fcrr nucleation of droplets to occur. Dr.rring
warming, the dewett ing process is depen-
dent on factors such as the local humidity
near the surface and the surface-ro-volume
ratio of the drops as their size changes. In
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