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Using high-resolution ellipsometry and stray light intensity measurements, we have investigated
during successive heating-cooling cycles the optical thickness and surface roughness of thin
dotriacontane 1i{-C5,Hgg) films adsorbed from a heptane-C;H;6) solution onto SiQ-coated
Si(100 single-crystal substrates. Our results suggest a model of a solid dotriacontane film that has
a phase closest to the SiGurface in which the long-axis of the molecules is oriergacdallel to

the interface. Above this “parallel film” phase, a solid monolayer adsorbs in which the molecules
are orienteperpendicularto the interface. At still higher coverages and at temperatures below the
bulk melting point afl,=341 K, solid bulk particles coexist on top of the “perpendicular film.” For
higher temperatures in the rangg< T< T whereTs= 345 K is the wetting temperature of the bulk
phase, the coexisting bulk particles melt into droplets; andfeiT, a uniformly thick fluid film

wets to the parallel film phase. This structure of the alkane/Si@erfacial region differs
qualitatively from that which occurs in the surface freezing effect at the bulk alkane fluid/vapor
interface. In that case, there is again a perpendicular film phase adjacent to the air interface but no
parallel film phase intervenes between it and the bulk alkane fluid. Similarities and differences
between our model of the alkane/Siterface and one proposed recently will be discussed. Our
ellipsometric measurements also show evidence of a crystalline-to-plastic transition in the
perpendicular film phase similar to that occurring in the solid bulk particles present at higher
coverages. In addition, we have performed high-resolution ellipsometry and stray-light
measurements on dotriacontane films deposited from solution onto highly oriented pyrolytic
graphite substrates. After film deposition, these substrates proved to be less stable in air jhan SiO
© 2002 American Institute of Physic§DOI: 10.1063/1.1429645

I. INTRODUCTION not only of fundamental interest but are also technologically
important. For this purpose, we have been investigating films
Very high-resolution ellipsometrfVHRE) has provedto  of  several intermediate-length  normal  alkanes
be an effective method of studying the wetting behavior[n-CH,(CH,),_,CHs;20<n<40] adsorbed from a solution
growth mode, and multilayer phase diagrams of physisorbedith heptane(n=7) onto S{100) substrates. Alkanes of this
films.»? The VHRE technique is extremely sensitive to thelength are of technological interest as the principal constitu-
average film thickness. It is capable of detecting a change iants of commercial lubricants. They are also of fundamental
the number of adsorbed molecules on the order of one pénterest as prototypes of more complex polymershe
cent of a monolayer. This sensitivity corresponds to a changgi(100) substrates are commercially available wafers widely
in film thickness of~0.05 A averaged over the illuminated ysed in the semiconductor industry. They provide large,
sample area. high-quality single-crystal surfaces with few defects. The
Heretofore, VHRE has been applied exclusively to fimswafers can be polished to microscopic smoothness and cut
of rare gases and relatively small molecules depositethto samples that are mechanically stable when immersed in
from the vapor phase onto highly oriented pyrolytic graphitethe alkane solution.
(HOPGQ substrates held below room temperature in ultra-  In this paper, we shall describe VHRE experiments and
high vacuum. One of our motivations in the present workstray light intensity(SLI) measurements conducted in air on
is to extend the VHRE technique to films of larger mole- dotriacontane filmgn=32 or C32 at room temperature and
cules deposited from solution onto substrates that arabove. Since the &i00) substrates readily oxidize in air, the
adsorbing surface of our wafers is actually provided by a

dpresent address: Dicontek, Casilla 306, Santiago 22, Chile. silicon-oxide (SiQ) coating less than-25 A thick as deter-
PElectronic mail: taubh@missouri.edu mined by x-ray specular reflectivity measurements.
0021-9606/2002/116(5)/2107/9/$19.00 2107 © 2002 American Institute of Physics
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Due to the large number of experimental studies ofsample passes through the analyzer and enters the photode-
intermediate-lengthn-alkanes adsorbed on graphite sub-tector. For planar films thin compared %9 the changes in
strates(for a brief review, see Ref.)3we were also moti- polarizer angledP and analyzer angldV are proportional
vated to conduct similar high-resolution ellipsometric andto the film thickness averaged over the illuminated sample
stray light intensity measurements on HOPG substrates. Aarea. If the films are roughd P cannot be related to an av-
will be discussed below, these substrates proved to be mudarage film thickness because it depends on the length scale of
less stable in air after dipping into the alkane solution due tahe roughness. SincdP is about an order of magnitude
their microcrystallinity and the effects of thermal expansionlarger thard¥, the average optical thickness of the adsorbed
during heating cycles. In fact, we were only able to interpreffilm is measured byl P with the analyzer angle held fixed.
the ellipsometric and stray light intensity measurements ofThis is accomplished using an electronic feedback loop with
the HOPG samples after analyzing results from thea Faraday coil placed between the polarizer and compensa-
Si(100/SiO, substrates. tor.

The wetting behavior of alkanes on SiGurfaces has We have also measured the diffuse light that is scattered
been studied previously by optical microscopy, x-ray reflecisotropically from the sample due to it having surface rough-
tivity, and conventional ellipsometfy.’ For alkanes contain- ness on a length scale comparable to the wavelength of the
ing 16 to 50 carbon atoms and film thicknesses of severahcident laser light. This stray light is observed through a
hundred angstroms, Merlét al* have presented a model telescope focused on the sample area illuminated by the el-
comprising three different wetting topologies on the SiO |ipsometer’s laser, and its intensity is measured on a photo-
surface:(1) for temperaturesT<T, where T, is the bulk  multiplier tube. The telescope is aligned-aB5° to the sam-
alkane melting point, there is incomplete wetting. A bulk ple’s surface normal.
alkane phase in the form of small crystallitdeozen drop- In order to interpret the ellipsometric measurements, we
lets) resides atop a solid monolayer adjacent to the,SiOysed a continuum or Drude model based on Fresnel's equa-
surface in which the molecules are oriented normal to thejon that relates the ellipsometric anglé® andd¥ to the
interface. The bulk particles can be annealed into mesas @fdex of refractiom and the thicknessof a planar adsorbed
uniform height;(2) for T,<T<Ts whereT; is the wetting  fjim.1% This method of analysis should be used with some
temperature, the bulk crystallites melt into liquid droplets; caution. First, our SLI measurements indicate that the ad-
and(3) for T>Ts, there is complete wetting of a uniformly sorhed C32 film does not always have a planar topology. For
thick liquid alkane film to the Si@ surface. Thus, in the samples with a coverage high enough to nucleate bulk par-
model of Merkl etal, the wetting temperaturds~T,  ticles, values of quoted will be for fluid films at a tempera-

+ 3 K coincides with the melting or disordering temperatureyre of T¢+3 K where the approximation of a planar topol-
of their proposed monolayer phase. The persistence of thggy should be valid. Below this temperature, our
solid monolayer phase in the temperature rafige T<Ts  measurements show that there is negligible alkane desorp-
resembles the surface freezing phenomenon observed in bulisn. Therefore, for samples with a coverage less than that
alkanes at the liquid—vapor interfat@his _Ied Merkl et_al. required for bulk nucleatiofe.g., sample Si#3 in Fig,)3we

to conclude that a common surface freezing mechanism wasn assume that the average film thickness at the beginning
operative at both interfaces. _ of a heating cycle is the same as at a temperaturd  of

The C32 films adsorbed on Sj@oated Si100) sub- | 3 At even lower coverages where there are insufficient
strates which we investigate here have an average thickneggyjecules to form a complete planar film, i.e., the adsorbed
up to ~110 A. The thinness of our C32 films and the high nojecyles form islands, the film thicknessisferred from the

resolution of our ellipsometer allow us to resolve featuresy,,qe model will represent an average over the illuminated
that were not reported by Merldt al? For films having an sample area.

average thickness50 A, the temperature dependence of the A second reason for care in applying the Drude analysis

polarization angle of the reflected light is consistent with the,g thatn andt may be poorly defined quantities for films of

three wetting topologies that they propose. However, our remgjecyjar thickness. However, Volkmann and KAdnave
sults on films having an average thickness less than the al

. ) b'reviously demonstrated agreement betweenttiderred
trans length of the moleculé~44 A for C32 conflict with

. . o from the Drude theory and that inferred from a microscopic
their model. Our ellipsometer measurements indicate that fodel for a molecular monolay&13

is possible to adsorb uniform solid C32 films of thickness For calculations with a Drude model. we assume the

down to<4.5 A, i.e., a thickness on the order of the molecu—adsorbed C32 to have a refractive index 1.4554 and the
lar width. Si(100/SiO, substrate to hava=3.875 with an imaginary
partk=0.019 as reported for pure silicdnWe have verified
that the SiQ coating on our substrates has a negligible effect
The ellipsometer used in these experiments has been den our determination of the C32 film thicknesses. Values of
scribed previously.Briefly, it employs the PCSA configura- and k inferred from the measured polarizer and analyzer
tion (polarizer, Soleil-Babinet compensator, sample, anaangles for the bare &i00)/SiO, substrates did not differ sig-
lyzer). After passing through a polarizer and compensatornificantly from those of pure silicot?
light from a He—Ne lasefwavelengtthn=6328 A) is incident The S{100) substrate’ were cut from a wafer 0.4 mm
on the sample at an angle of 60° to the surface normal anthick and had a square shape 12 mir2 mm. The samples
illuminates an area of-1 mn?. Reflected light from the were either rinsed in pure heptane or baked at 600 °C under

Il. EXPERIMENT
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vacuum for 3 h. Modeling of x-ray specular reflectivity mea- e L L
surements on these samples indicates that, as prepared, the 04 L bare Si(100)/Si0,
have a SiQ coating of thickness 15—25 K. =
To deposit the alkane film, the (3D0)/SiO, substrate £ 00 7
exposed to air is dipped in a solution of C32 in heptane S 4,
(n-C;Hqg) for about five seconds. The alkanes were pur- & - .
chased from Aldrich and had a purity of 97%. When the 08 - L
substrate is removed from the solution, excess liquid is al- 45 L

lowed to run off by tilting the sample. For samples prepared bare ZYA graphite |
in this manner, we find a nearly linear relationship between® -6 |- 7
the average optical thickness of the C32 film measured on® . [ ]
the ellipsometer and the concentration of C32 in the solution.:v_ .
As calibration points, a solution of 17.39 mg of C32in20 ml © 24 |- 7
of heptane yielded an average C32 film thickness 11 A; 28 L1 o
and 6.26 mg of C32 in 20 ml of heptane yielded~a5 270 420
A-thick C32 film. The average film thickness did not in- T (K)

crease upon submerging the substrate in the solution for a

longer time or by dipping it into the solution repeatedly. FIG. 1. Change in ellipsometric polgriza}tion gngjé’ as a functio.n of

Therefore, we conclude that equilibrium was reached durinéem_perature for the bare _suk_)strates in alr_durlng a hea_ltlng—co_ollng cycle.
o : ] . . olid and dotted curves indicate the heating and cooling portions of the

deposition in which the chemical potential of the adsorbedtycie, respectively. Upper panel: a(R10/Si0, wafer. Lower panel: an

C32 equaled that of the C32 in solution. During the heating-HOPG sampléZYA grade from Union Carbide/Advanced Ceramics

cooling cycles in whichkdP and the SLI were measured, the

samples were exposed to air and their temperature was var- o )

ied slowly (~2 K/min). Reproducibility of the steps ob- when an alkane. film is adsorbed from solution _rather Fhan

served ind P and SLI at the temperaturds andT, between —@dsorbing thze film from the vapor phase as in previous

different heating cycles of the same sample and betweefXPeriments:

those of different samples indicates that thermal equilibrium

was maintained. Only a small amount of hysteresis was obB. Thick films

served when these temperatures were traversed in opposite

directions.

The highly oriented pyrolytic graphitéHOPG sub-
strategZYA grade from Union Carbide/Advanced Ceramjics
had the same size and shape as those of silitBmmx12
mm) but were 1 mm thick. They were cleaned by baking
600 °C under vacuum for 8 h.

We next consider a series of six heating—cooling cycles
in Fig. 2 for one of the thickest samples Si#4 which had an
average thickness of111 A as measured above the wetting
temperature affs+3 K. The dominant feature in the first
cycle [Fig. 2@)] is the complementary behavior diP and
alhe SLI. There is downward “notch” in the value dfP and

an upward notch in the SLI in the temperature rafge: T

<Ts whereT,=341K is the C32 bulk melting point and

T,=345K. To facilitate comparison of the temperature de-

pendence ofdP and SLI, vertical dashed lines have been
IIl. RESULTS drawn in each panel of Fig. 2 at the temperatirgandTs.
Above T, dP decreases gradually. Upon cooling, batR
and the SLI show a smaller step néarthan upon heating

In Fig. 1, we compare the temperature dependence of thghere is some hysteregisand there are no steps @ and

change in polarization angleP of two different bare sub- SLI atT, and below. Thus the first cycle ends with the SLI at
stratesi(a) a Si100) crystal coated with SiQand(b) HOPG. a somewhat higher value than it had initially. Another feature
Both samples were measured in air after heating them ito note is a relatively small upward substep di® upon
vacuum for 8 h at a temperature of 600 °C. We see that, foheating through 336 K.
the S{100)/SiO, substratedP is very stable and nearly tem- We expect the SLI to increase when the surface on
perature independent. In contrast, HOPG shows a systematichich the light is incident becomes rough on a length scale
decrease i P upon heating with short-time fluctuations su- comparable to its wavelength. Therefore, the complementary
perimposed. It is interesting to note that the initial value ofbehavior ofdP and the SLI in the temperature randg
dP is nearly recovered upon cooling back to room tempera<<T<T, for sample Si#4 is in excellent agreement with the
ture, indicating almost the same long-term stability of thepresence of bulk liquid droplets of C32 having a character-
ellipsometer as obtained with the(800)/SiO, substrate. We istic dimension of 1—2Qum inferred by Merklet al* Also,
conclude from the comparison in Fig. 1 that thél8D)/SiO,  aboveTs, the relatively high value ofl P and low SLI that
substrate is much more favorable than HOPG due to itsve observe are consistent with the uniformly thick fluid films
lower background contribution tdP. This is confirmed in  which they propose. Below,, the high value ofdP and
results presented below with C32 films adsorbed on HOPQow SLI observed for this sample after removal from the
substrates. In addition, we shall see that there are other pro&32/heptane solutiofisee Fig. 2a)] may be due to fewer
lems in ellipsometry experiments with HOPG substratesulk particles or perhaps a much smaller solid particle size

A. Bare substrates
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than that of the liquid droplets. The solid particle size ap-remains in all subsequent cycles except the last one shown in
pears to have grown upon resolidification, leading to a higheFig. 2(f).
initial SLI in the next two heating—cooling cycl¢Bigs. 2b) The average C32 film thickness of sample Si#4 at the
and Z¢)]. beginning of its third heating—cooling cyc|&ig. 2(c)] has

The complementary temperature dependencgPfind  decreased te-71 A at T+ 3 K again due to desorption oc-
the SLI persists in the next two heating—cooling cycles. Incurring in the previous cycle at the highest temperatures.
the second cyclgFig. 2(b)], the average C32 film thickness Note the increase of the desorption ratd at370 K in Figs.
has decreased t093 A at T+ 3 K due to desorption occur- 2(b)—2(e). During the cooling portion of the third cycle,
ring at the highest temperatures in the first cycleTAt both  when the average C32 film thickness has decreaseest
the downward step id P and the upward step in the SLI are A, a qualitative change occurs in the temperature dependence
now smaller; however, afg, the upward step id P and the  of the SLI. Instead of a step upward in the SLITat there is
downward step in the SLI are still large. The behavior ona broad substep downward. This change signals a qualita-
cooling is also similar to that in the first cycle, although thetively different behavior of botldP and the SLI in the last
downward step irdP at T is broadened. Again, there is a three cycles.
small upward step in the SLI coincident with this feature; In the fourth and fifth heating—cooling cyclgsigs. 2d)
and, in addition, a second upward substep occurs figar and Ze), respectively, the dominant feature of the first three
Unlike the first cycle, the SLI ends at a lower level than atcycles has disappeared. That is, there is no longer the
which it started, close to its minimum value in the first cycle. complementary behavior afP and the SLI characterized by
This is probably caused by desorption which has reduced the downward “notch” in the value ofdP and an upward
number of bulk particles that can contribute to the SLI. Uponnotch in the SLI in the temperature ran§ig<T<Ts. The
heating, there is still an upward substemiR belowT,, but  substep upward idP at ~332 K remains upon heating and
now it occurs at a lower temperature-832 K. This feature is followed by a comparably sized downward substep at
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In the fourth cycle, this behavior repeats upon cooling, al- In the second cycle of Si#Fig. 3(b)], the film has an

though with some temperature hysteresis. In the cooling halhitial average thickness of26 A and shows substeps upon
of the fifth cycle and in the sixth cyclgrig. 2(f)], these two heating similar to those in the first cycle. However, upon
substeps can no longer be seen. The changes in the SLI ateoling, the substep at345 K is too weak to resolve. By
much smaller than in the previous cycles and do not seem tthe third cycle[Fig. 3(c)], the initial average film thickness
correlate with those ilP (except possibly for the upward has decreased to12 A. The two substeps observed upon
substep in SLI aff¢ upon heating in the fourth cyclgrig.  heating have decreased in height and are too weak to resolve
2(d)]). We believe that smoother changes in the SLI in theon cooling. In the fourth cycléFig. 3(d)], the initial average
fifth and sixth heating—cooling cycld&igs. 2e) and 2f)]  film thickness is~6 A and the two substeps are now absent
are too small to be significant. for both heating and cooling. At temperatures above that of
the sharp “corner” indP near 380 K, the temperature de-
pendence ofl P becomes similar to that of the bare substrate
C. Thin films in the upper panel of Fig. 1 consistent with complete desorp-

We next discuss the temperature dependenacgRofor t|on8f the C?tz f|Im.th. C32 films d ited f \uti
one of our thinner samples Si#3 which had an initial average ur resuits on thin Ims deposited from solution

C32 film thickness~45 A. This sample is thin enough that onto SiG can be summarized as follows. First, it is evident
X that, for films of comparable thickness, the temperature de-

nucleation of bulk particles and droplets does not occur. Fur- . . .
thermore, since no desorption occurs up to a temperature ndence oflP and the SL| for samples S|#3_and S'#A' are in
T+ 3 K at which the film thickness is calculated from the QOOd agr_eement. Secof‘d’ we can progresswel_y t_h|n the C32
Drude theory, we shall assume the film has the same avera#!—:m of S'#?f by desqeron SO .that, by t_he beginning .Of the
thickness up to this temperature. ourth heating—cooling cycléFig. 3(d)_], its a'\éerage th.ICk-
In the first heating—cooling cycle shown in Fi we NessIs comparable toa molecular width-e A, and, third,
g gcy gas for films of average thickness less tha# A, we observe no

see a behavior very similar to that of sample Si#4 in its . =
fourth cycle[Fig. 2(d)] where it had an initial average C32 Substeps inlP at temperatures 0f332 K andT,=345K.

film thickness of~50 A. Little change indP occurs until a
temperature 0~332 K at which there is a small upward
subste P to a new constant value followed by a downward The reproducible temperature dependencd®fand the
substep indP at T,=345K. These two substeps thP at  SLI for the C32 adsorbed on the($00)/SiO, substrates al-
~332 K and~345 K are also present upon cooling, althoughlows us to interpret more easily the behavior of these optical
displaced slightly downward in temperature. The decrease giroperties for C32 adsorbed on an HOPG substrate. In Fig. 4,
dP in the first cycle at temperaturds>T, results from de- we show the first two heating—cooling cycles of a C32 film
sorption which reduces the average C32 film thickness byleposited from a C32/heptane solution of about the same
~19 A. As in the case of sample Si#4, the desorption rateoncentration as for sample Si#4. The average thickness of
increases above 370 K [see Figs. @&)—3(d)]. the C32 film is~90 A at a temperature of s+ 3 K [Fig.

D. Adsorption on HOPG substrates
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] slowly throughout the HOPG substrate on the time scale of
(@) ] the experiment and eventually evaporate.
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N _ U ] IV. DISCUSSION
L (232/ZY1A-gra,:hmI ) ) ) ) X ]

There are several features of our ellipsometric and stray
light data for C32 films adsorbed on Si@at are compatible
with the model proposed by Riegler and co-workefaNe

; begin by reviewing the behavior of films having an average

ool o T thickness greater than50 A shown in Figs. @)—2(c). First,
300 320 340 360 we have already argued in the previous section that the

T abrupt transition to a high SLI upon heating which we ob-
serve in the temperature ran@ig<T<T, is consistent with
the melting of solid bulk particles to form liquid droplets of
larger dimension. One expects the SLI to increase when scat-
tering occurs from particles whose characteristic size has
grown comparable to the wavelengthof the incident light.
) Second, the abrupt drop to a low constant SLITor Ty is
- consistent with interpretind ¢ as the wetting temperature of

o

[=]

oy

T
A

1

Stray fight (V)
e
o
N
T
Py
1

|
.

3P (degree)

-2.3

0.015 -

§ i C32 on the SiQ surface. Above ¢, a liquid C32 film forms
20m0r . ) of uniform thickness and with a surface roughness small
& oo e DR ] compared to\.

v iyront BT The complementary behavior afP shown in Figs.

300 320 340 360

2(a)—2(c) wheredP has a downward notch in the tempera-
ture rangeT,<T<Tjg, is also consistent with the melting of
Fth- 4|-, ﬁ?a_nge in elllipsometric ﬁ)olarization angle (uppe; panelsand  solid bulk particles to form larger size liquid droplets. Since
Eé:ﬁnégcogﬂ:%”%ég"(‘)’f; gggiiﬁnvgézszézrzﬁeﬁtﬂgpg'sjé‘g;;f“’e the ellipsometer light scatters isotropically from droplets of
graphitg. Solid and dotted curves indicate the heating and cooling portion5d|men3|0n comparable to Its Wavelengxh such droplets
of the cycle, respectively. The initial average C32 film thickness for eachatop a planar film(smooth on a length scale of) cannot
cycle is:(a) 90 A; (b) 76 A. contribute significantly to a rotation in the light polarization
detected in the specularly reflected beam. Hence, if the num-
ber of molecules in the illuminated sample area remains con-
stant but the number of such droplets increases, the film will
4(a)]. We see that the behavior is qualitatively similar to thatappear thinner and the measured valuel Bfwill decrease.
of the Si#4 sample in Fig.(3). That is, the dominant feature We then expectl P to fall to a lower value for temperatures
of thed P trace in Fig. 4a) is the downward notch beginning T,<T<T,and remain constant as long as there is no change
at the C32 bulk melting poinT,=341K and ending af  in the droplet size distribution and no desorption. If there are
=T,+4 K=345K observed both during heating and cool-also solid particles of dimension comparablextbelow T,
ing. As with the S(100)/SiO, substrate, coincident with the the step height irdP at T,, will depend on the ratio of the
downward notch irdP is an upward notch in the SLI. number of such particles to the number of droplets of this
The main difference with the behavior observed on thesize abovel, . In Fig. 2a), for example, the step is relatively
Si(100/Si0O, substrates is that, as the temperature increaselrge, suggesting that initially there are very few solid par-
the downward notch il P is superimposed on a monotoni- ticles of dimension comparable obelow T,. However, in
cally decreasing background from the bare HOPG substrat&igs. 2b) and Zc), the much smaller step P at T, reflects
Also, the sides of the notches @P and the SLI are not as both a larger average particle size when the sample is subse-
sharp as on the @i00/SiO, substrates. These features arequently cooled belovil,.
greatly enhanced in the cooling portion of the first cycle and ~ When cooling the thicker films(average thickness
in the second cycl¢Fig. 4(b)] where the C32 film has an =~50 A), we always observe an abruptreasein the SLI
average thickness of76 A at T+ 3 K. Here the notches in belowT. This feature is consistent with the dewetting tran-
dP and the SLI have become rounded into a “dip” and sition from uniform liquid film to liquid droplets as discussed
“peak,” respectively. by Merkl et al* Our observation that the SLI remains con-
There appears to be more than one effect responsible f@tant as the sample is cooled beldy|[Figs. 4a) and 2b)]
the different temperature dependenced®f and the SLI on can be explained by the freezing of the droplets to form bulk
the S(100/Si0, and HOPG substrates. Not only do tti®  crystallites of comparable size. We also note that for these
traces in Fig. 4 indicate a much larger thermal expansion othicker films, the SLI is lower at the beginning of the first
the HOPG substrate, it also seems to be less stable mechaheating—cooling cycle than at its end. This behavior of the
cally after dipping into the C32/heptane solution. PossiblySLI is consistent with our inference frothP in the heating
this is due to the intercalation of the solution between graphportion of the cycle that after removing the samples from the
ite microcrystallites. The intercalated heptane may diffuseC32/heptane solution there are either fewer large bulk par-

TK)
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ticles present or that they have become larger by the timé&teral averaging in the ellipsometric film thickness measure-
that they resolidify. ment should result in a continuous decreasd h

We next address the question of what features in our data The monolayer phase adjacent to the S&Drface pro-
might correspond to the solid monolayer phase proposed byosed by Riegler and co-workers is unexpected in that, as
Riegler and co-workers. From x-ray reflectivity measure-inferred from their x ray measurements, the long-axis of the
ments on several different alkane filthghey inferred a alkane molecules is orientemrmalto the adsorbing surface.
monolayer of thickness on the order of the molecular lengtiPrevious experiments with alkane adsorption on graphite
with a melting point at the wetting temperatufe. Subse-  (0001),*'° Cu(111),%° Au(111),%° Ag(111),* and P¢111)??
quently, their in-plane x-ray diffraction measureménts surfaces, using a wide variety of techniques, have always
showed Bragg peaks corresponding to monolayspacings indicated a first layer in which the long molecular axis is
consistent with the long axis of the molecules oriented perparallel to the surface. In addition, molecular dynamics
pendicular to the Si®@surface. They also performed scan- (MD) simulations of intermediate-length alkanes adsorbed
ning force microscopySFM) measurements that revealed aon Au(001)?® and graphite basal plane surfateshow the
fractal topology at submonolayer coverages. molecules in the first layer to be parallel to the surface.

To our knowledge, the anisotropy in the electric polariz-  These previous experiments and MD simulations moti-
ability of the C32 molecules parallel and perpendicular to thevate us to speculate on the structure of the thinnest films in
chain axis has not been measured. A rough calculation sugur ellipsometry experiments. ThEP trace in Fig. &d) in-
gests that the anisotropy is not large enough to allow deterdicates that a film of average thicknes$ A remains even
mination of the molecular orientation in a VHRE experi- after the substeps itP, the signature that we have assumed
ment. Therefore, the identification of a monolayer phaseof a monolayer of perpendicularly oriented molecules, have
characterized by a perpendicular molecular orientation reedisappeared. For this reason, we propose that there are actu-
quires a more indirect method. ally more stable solid molecular layers immediately adjacent

We suggest that the signature in our VHRE experiments$o the SiQ surface in which the long-axis of the C32 mol-
of the monolayer phase reported in Refs. 4 and 7 is thecules is parallel to the interface. The monolayer phase pro-
behavior that we have observed at coverages below that r@osed by Riegler and co-workers would then be adsorbed
quired for nucleation of solid bulk particles or bulk droplets, above these.

i.e., for average C32 film thicknesses in the range A to In support of this interpretation, recall that, for normal
~50 A in Figs. 2b)—2(e) and Figs. 8a)—3(c). For these film  alkanes with carbon numbertB0, Merkl et al# inferred a
thicknesses, we observe a small upward steglfhat T monolayer thickness about 10%seater than the alltrans

~ 332K followed by the small downward substep né&at length of the molecule. This discrepancy of magnitude com-
Although no anomaly was reported at-332 K by Riegler parable to a molecular width can be explained by a layer of
and co-worker$;’ the downward substep nefg occurs very molecules oriented parallel to the surface underneath a
close to the disordering temperature which they found for thenonolayer of perpendicularly oriented molecules. It is diffi-
solid monolayer phase. This feature thus provides the stroreult to explain otherwise, since any tilting of the molecules
gest link to the monolayer phase in their model. away from the surface normal would decrease the thickness

To interpret the substep P at ~332 K in Figs. Zb)—  of monolayer phase proposed in Refs. 4 and 7. Adsaiche
2(e) and Figs. 8a)—3(c), we first consider what appears to be defects known to be present in the molecules at room
a related feature in the thicker filmg@verage thickness temperatur&?*would tend to reduce their end-to-end dis-
=50 A) which occurs at~336 K [see Fig. 2a)]. This tem-  tance.
perature is very close to that at which there is a transition in ~ Our experiments thus lead us to consider a structure of
bulk C32 to a plastic or rotator phase characterized by rotathe C32 adsorbed on SjQimilar to that found in molecular
tional disorder of the molecules about their long dfisn  dynamics simulations by Xiat al. of liquid hexadecane
analogy to this phase transition in the bulk solid, we suggestn-C,gH3,) films adsorbed on a A001) substrate at 350
that the substep idP in the thinner films at~332 K may  K.2Their simulations indicatésee their Fig. 2a more com-
correspond to a crystalline-to-plastic phase transition in theact first layer in which the molecules are nearly parallel to
monolayer solid consisting of C32 molecules with their longthe surface and in which the molecules have some degree of
axis oriented nearly perpendicular to the surfat€or films  translational and orientational order. Above this layer and
of average thickness in the rang® A to ~50 A, we would  extending out to~40 A (the limit of their simulation are
expect the height of both substepsdP to decrease as C32 molecules which tend to be more perpendicular to the sur-
molecules desorb from the substrate and the number of moface and contain a larger number gduchedefects.
ecules in the fractal monolayer domdinkecreases. This ap- We suggest that a similar structure may occur at tem-
pears to be the case for the thinner sample Si#3 in FigperaturesT=332K for C32 adsorbed on a SjQurface as
3(a)-3(c). depicted in Fig. 5. Immediately adjacent to the Sifterface

We comment here that one would not expect a jump inare one to three layers of C32ee belowin which the long
dP corresponding to a decrease in the average film thickneswolecular axis is oriented parallel to the interface. Above
of ~44 A (the alltrans length of the C32 moleculeas a this “parallel” film would be the monolayer proposed in
monolayer of perpendicularly oriented molecules is re-Refs. 4 and 7 in which the molecules are oriented more
moved. Assuming a fractal topology for film thicknesses lesqearly perpendicular to the interface. Our model differs from
than a molecular length as indicated by the SFM imdghs,  the liquid structures found by Xiet al.in that both the “par-
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way, we arrive at a weaker bound on the thickness of the
parallel film of between two and six layers.
bulk particle A question that arises at this point is why evidence of the
parallel film was not observed in the in-plane synchrotron
x-ray diffraction experimentWe can use the stronger bound
of ~2.7 layers for the parallel film thickness to estimate the
relative Bragg peak intensities of the parallel and perpen-
dicular films. In Ref. 7, the structure inferred for the perpen-
dicular monolayer gave an area per molecule~df3.7 A2,
This can be compared with a molecular area of 1860knd
for a C32 monolayer adsorbed on the basal planes of graph-
ite in which the long-axis of the molecules is parallel to the
surface?® Assuming these areal densities and a parallel film
with ~2.7 times as many layers as the perpendicular film, we
conclude that the Bragg peaks of the parallel film should be
parallel film about a factor of four times weaker than for the perpendicu-
//// 'glfc'):”y//// lar film. Observation of the Bragg peaks could also be ob-
/mm scured by the roughness of the $i0C32 interface resulting
in a shorter coherence length in the parallel film compared to
that obtained on graphifé.The perpendicular film might not
be as sensitive to surface roughness since molecules oriented
allel” and “perpendicular” films in Fig. 5 would constitute on end can adjust in he|g_ht more easily. .
distinct crystalline phases. In particular, the upper phase The structural model in Fig. 5 suggest45 reevaluating the
would support a crystalline-to-plastic phase transition atsurface freezing mechanism that Meddal.” have used to
~332 K analogous to that which occurs in bulk C32-836 explain the structure at the alkane/SifDterface. Since we
K.18 The absence of substepsdi® up to ~380 K for films infer a phase _adjacent to the Si6urface in which the mol-
ecules are oriented more nearly parallel to the surface, the

of average thickness less than6 A indicates that a . | bles that at the bulk alkane/air i
crystalline-to-plastic phase transition as well as a disorderin§ ructure no fonger resembles that at the bulk alkane/air in-
erface. Therefore, one would not necessarily expect the

transition atT ¢ either do not occur in the parallel film or that theorF 1o b licable to both interf
we lack the sensitivity to observe them. At higher coveragesc'ame eory 1o be applicable 1o both Intertaces.

where we have inferred the nucleation of solid bulk particles
we observe a substep ohP at ~336 K and interpret it as
resulting from the crystalline-to-plastic phase transition in  Our ellipsometric measurements of the optical thickness
these bulk particles. of C32 films adsorbed on Syxoated Si100) substrates,

To estimate the thicknes®” of the parallel film in Fig.  which are conducted in air, have demonstrated a resolution
5, note that we have identified its presence by the disappeaand long-term stability comparable to that previously ob-
ance of the substeps @P occurring, e.g., between the third tained with rare gases adsorbed on HOPG substrates in ul-
[Fig. 3(c)] and fourth[Fig. 3(d)] heating—cooling cycles of trahigh vacuum. They reveal a rich structure in the tempera-
sample Si#3. Analysis ol P with a Drude modelsee Sec. ture dependence of the polarization angle and stray light
I1) yields a film thickness of~12 A and~6 A at the begin- intensity previously unobserved with alkane films.
ning of the third and fourth cycles, respectively. Therefore,  Our results are consistent with the three different wetting
we infer an upper bound o of ~12 A which, assuming a topologies proposed by Merldt al* However, they differ
molecular width of~4.5 A2* corresponds to a film in which from their model in an essential way by requiring between
the long-axis of the molecules is parallel to the interfaceone and three molecular layers adjacent to the, Si@face
having a thickness less thar2.7 layers. The thicknessd” in which the long-axis of the C32 molecules is parallel to the
of the “perpendicular film” in Fig. 5 would be approxi- interface. Such a parallel film phase is similar to those in-
mately equal to the aliranslength of the C32 molecule asin ferred in all previous experiments on normal alkanes ad-
the model of Refs. 4 and 7. sorbed on solid substrates. Moreover, it suggests a different

Another estimate of the thicknefscan be made by as- structural mechanism for the alkane/$idterface than has
suming that the perpendicular film in Fig. 5 is complete atbeen proposed for the bulk alkane/air interface.
the coverage at which we first observe the nucleation of bulk  Our measurements on thicker films do not offer direct
droplets in the temperature ranfig<T<Tg. This coverage evidence of a monolayer containing molecules with their
occurs for sample Si#4 during its third heating—cooling cyclelong axis oriented more nearly perpendicular to the interface.
[Fig. 2(c)] in the interval between time; when it passes However, we observe a substep in the temperature depen-
throughT, on heating and, when it returns to this tempera- dence of the polarization angle which is not present in films
ture on cooling. Again, applying a Drude model, we infer theof average thickness less tharé A and which agrees with
total film thicknessd+b, to be~71 A and~52 A at times  the melting point attributed to the monolayer phase by Merkl
t, and t,, respectively. Takingd~44A2* the alltrans etal. In addition, we observe a second substepdi® at
length of the C32 molecule, we obtain 8% <27 A. Inthis  ~332 K which appears to be associated with such a phase.

bulk particle

perpendicular film d

FIG. 5. Proposed model for the C32/Sitterfacial region.

V. CONCLUSION
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