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Ultrathin-film differential-thermal-analysis apparatus with simultaneous
photoemission measurements
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We developed an apparatus of differential thermal analysis~DTA! capable of simultaneous surface
specific ultraviolet~UV! photoemission measurements to investigate thin-film phase transitions. The
apparatus was installed in a vacuum chamber of 1026 Torr range for thermal isolation and the
measurements of UV photoemission. As a sample substrate, we used a thin~10 mm! copper sheet
supported by two wires for optimal thermal resistivity. The performance of the apparatus was
examined using a 650-Å-thick pentacontane (n-C50H102) film, which may exhibit a unique
monolayer phase transition known as surface freezing. We observed two anomalies of DTA curve
around the bulk melting temperature, one of which is apparently due to the bulk melting. Since the
temperature dependence of the surface specific UV photoemission measurements showed
corresponding changes in photoemission current, we could conclude that the other phase transition
peak originates from the surface freezing effect. This demonstrates that our DTA-UV apparatus is
sufficiently sensitive to examine such monolayer phase transitions. ©2000 American Institute of
Physics.@S0034-6748~00!05103-0#
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I. INTRODUCTION

Since the discovery of the surface freezing effect
n-alkanes,1 this effect has been the subject of rece
interest.2,3 The surface freezing refers to the phenomen
that a thin layer at an air/liquid interface crystallizes a
higher temperature than that of the bulk freezing while co
ing a liquid substance. The bulk part of ann-alkane, in other
words, melts first on heating, and the thin layer at the surf
melts at a slightly higher temperature. This is contrary to
general surface-melting behavior observed in other crysta4

We have studied the surface freezing effect of long-ch
alkanes with use of near edge x-ray absorption fine struc
~NEXAFS! spectroscopy5,6 and determined the molecula
orientation angle in the frozen surface layer from the po
ization dependence of the observed spectra. The spectra
obtained by a total-electron yield mode, where data are ta
as the number of photoelectrons emitted per incoming p
ton as a function of photon energy. The measurement p
sesses a surface sensitivity of several nanometers becau
the short escape depth of photoelectrons.7

The structure of the thin frozen surface layer ofn-alkane
has been systematically studied by the grazing incide
x-ray diffraction technique.2,3,8 It has been revealed that th
thin layer consists of a molecular monolayer with a qua
long range crystal structure and that the transition from
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isotropic liquid phase is of the first order. The molecular lo
axis is parallel to the surface normal for alkanes with t
carbon number less than 30, while it is tilted for the long
alkanes. The carbon number of alkyl chains which exh
surface freezing ranges from 16 to 50. Several other te
niques such as ellipsometry9 and infrared-visible sum-
frequency generation spectroscopy10 have been applied to
the surface freezing phenomena to support the above fi
ings. Reflection microscopic measurements have also b
used to study a wetting transition of alkanes on oxidized
substrates, which may be related to the surface freez
behavior.11 Theoretical works have also been performed
the basis of longitudinal fluctuations12 and of lattice-gas
models.13

For obtaining further insight, it is important to examin
this effect from a thermodynamic viewpoint. Although man
studies of thermal analysis have been performed to inve
gate thin layers adsorbed on solids, most of them used p
der solid specimen to gain large surface area, and only
apparatuses have been reported for the studies of flat
films. For example, Geeret al. have developed an ac calo
rimeter for thin films and performed the heat capacity m
surements of free-standing liquid-crystal films.14 Nomaki
et al. have performed the differential scanning calorime
~DSC! measurement of Cd–stearate Langmuir–Blodg
films.15 For examining the surface freezing effect, we al
need to construct a thermal analysis apparatus having a s
lar potential to observe monolayer phase transitions of a
form.
il:
8 © 2000 American Institute of Physics
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Surface sensitive measurement such as NEXAFS
other photoemission techniques may help our thermal an
sis of the surface freezing effect. This is because
interface-related phase transition~wetting or dewetting! may
occur not only at an air/liquid or vacuum/liquid interface b
also a liquid/substrate interface. When we observe any t
mal anomaly, we should examine at which interface the th
modynamic change occurs. If we detect a correspond
anomaly in surface sensitive photoemission, we can sa
ascribe the transition to the air/liquid~or vacuum/liquid! in-
terface. At the same time, however, the combination of th
mal analysis with surface sensitive photoemission techniq
also sets same boundary conditions when constructing
apparatus. For example, the NEXAFS technieque require
to use a flat sample and also to set a substrate vertically
high-vacuum chamber to match the experimental condi
of the incidence of horizontally polarized soft x-ray synchr
tron radiation. Furthermore, the apparatus should be
simple as possible not to electronically interfere with pho
emission measurements.

In this article, we will report a design and constructio
of such a thermal analysis apparatus capable of simultan
detection of the structural change at the surface region by
photoemission techniques. As for the thermal analy
method, we have adopted the differential thermal analy
~DTA! technique. This is because DTA is a simple and dir
method, which monitors the temperature differenceDT be-
tween the sample and the reference. Since we are intere
in detecting the surface freezing effect, the thermal anal
unit should possess a high sensitivity and DTA may ha
such a potential. Another advantage of DTA is that we c
roughly determine the temperature and the enthalpy of
phase transition. Using an appropriate material for calib
tion, transition enthalpy of the first order phase transition c
be obtained.

Although this apparatus is compatible with NEXAF
measurements, for the first test of performance for detec
the surface structural change in the laboratory, we use
rather simple ultraviolet~UV! photoemission technique.16

The escape depth of UV photoelectrons is short~,50 Å!,7

providing an appropriate surface sensitivity for detecting
surface freezing transition. The surface freezing effect
n-alkane could be successfully confirmed with simultane
use of these two methods.

II. DESIGN AND CONSTRUCTION OF DTA-UV
PHOTOEMISSION APPARATUS

A. DTA part

In Fig. 1, we show the main part of our DTA apparatu
The substrate part is illustrated in Fig. 1~a!. The sample sub-
strate~SS! and the reference substrate~RS! are formed by
making a rectangular hole of 8320 mm2 at the center of a
copper sheet of 20326 mm2 with 10 mm thickness. Two
pieces of copper wires of 0.3 mm diameter are soldered
ing a small amount of solder~at 6.5 mg! along the shorter
ends of the copper sheet at a distance of 1.5 mm from
ends to support the sheet and to supply heat from a cera
heater H~ADAMANT 1033031 mm3, 100 V 30 W! in Fig.
loaded 23 Aug 2010 to 133.68.192.90. Redistribution subject to AIP licens
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1~d!. The temperature differenceDT between SS and RS wa
measured with two constantan wires of 0.1 mm diame
fixed at the center of the SS and the RS by 0.3 mg of sol
respectively. Here the copper substrate works as one of
components of copper–constantan thermocouples.
sample temperature was detected with a chromel–alu
thermocouple of 0.1 mm diameter fixed by epoxy resin at
center of the SS. We tried various combinations of materi
substrate thicknesses, and the diameters of wires, and
tained the optimum results with a sufficiently good sensit
ity, for observing the phase transition of a monolayer by
above-mentioned values. Figures 1~b!–1~d! illustrate other
parts of the DTA unit. The copper wires soldered onto t
DTA substrate@Fig. 1~a!# are fixed by screws at the hole
marked X to a stainless steel holder of 65348 mm2. The
distances from the screw to the RS and the SS are kep
same. The stainless steel holder is mounted onto a he
block of 6534039 mm3 @Figs. 1~c! and 1~d!# formed by two
copper plates, whereH is sandwiched. The heat flow mostl
goes through the two copper wires to the sample part un
vacuum of 1026 Torr as described in Sec. II C. Figure
schematically illustrates how the DTA unit is connected
the manipulator of the vacuum chamber. The unit shown
Fig. 1 is mounted on a stainless steel block and then fixe
the manipulator rotatable around a vertical axis for measu
ments of the incident angle dependence of the NEXA
spectra using synchrotron radiation. We electrically insula
the whole DTA unit from the manipulator by inserting
poly~tetrafluoroethylene! disk, and a copper wireL of 0.25
mm diameter is connected to the substrate. The photoe
tron emission by the irradiation of UV light was monitore
as a drain current from the substrate to the wire.

B. UV Light source for photoemission

The UV photoemission light source is illustrated in Fi
3. We used a He discharge lamp which emits HeI~21.2 eV!
resonance line. The He discharge lamp consists of two st

FIG. 1. DTA apparatus:~a! substrate part; SS: the area for sample depo
tion, RS: reference area, TC1: chromel–alumel thermocouple for sam
temperature measurement, TC2: constantan wires for forming ther
couples for temperature differenceDT measurement,~b!–~d! other parts of
DTA unit; ~b! stainless steel holder, X: the screw holes for fixing~a!, Y: the
screw holes for fixing~b!–~c!, ~c!, and~d! heater block; H: ceramic heate
~in mm!.
e or copyright; see http://rsi.aip.org/about/rights_and_permissions
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less steel electrodes separated by a poly~tetrafluoroethylene!
disk and a quartz pipe~i.d. 1 mm, 30 mm length! where the
discharge occurs. The cathode and anode were coole
water circulation and a cooing fan, respectively. The d
charge condition can be roughly monitored by looking at
color of the discharge through a closed glass pipe at the r
end of Fig. 3. UV light impinges upon the sample through
differential pumping part, where He gas after discharge
pumped away with a rotary pump of 2l /s. Typical voltage
and current for discharge were 400 V and 20 mA supplied
a homemade dc power supply through a ballast resister o
kV and 200 W, and the He pressure was 1.1 Torr. The s
size of the ultraviolet light was 5 mm diameter on the su
strate as monitored by irradiating to the copper substr
The electrical signals were taken out through BNC conn
tors via shielded cables.

FIG. 3. UV light source.

FIG. 2. Setup of the DTA unit for the manipulator; L: copper wire for dra
current monitor.
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C. Setup of the apparatus

In Fig. 4, we present the whole setup of the DTA-U
photoemission apparatus. The vacuum chamber is evacu
by a turbomolecular pump of 480l /s ~SEIKO SEIKI,a451!
to a vacuum of 1026 Torr range.

Figure 5 shows the connection diagram of the elec
apparatuses. The ceramic heater is connected to a regu
dc power supply~Kikusui Electronics, PAD110-5L!. The
thermocouple~TC1! monitors the sample temperature with
digital multimeter~Advantest, TR6847!. The standard tem-
perature of 0 °C was obtained using a mixture of crushed
and water. The two constantan wires~TC2! from the DTA
substrate are lead to a nanovoltmeter~Hewlett–Packard,
HP34420A!. The nanovoltmeter and digital multimeter a
controlled by a personal computer~NEC PC9801 RX!. The
copper wireL used for the drain current measurement
connected to a picoammeter~Takeda Riken, TR8641! and its

FIG. 4. The whole set up of the DTA-UV photoemission measurem
apparatus.

FIG. 5. Connection diagram of the electric apparatuses. TC1: chrom
alumel thermocouple for sample temperature measurement, TC2: const
wires for forming thermocouples for temperature differenceDT measure-
ment, L: copper wire for drain current monitor.
e or copyright; see http://rsi.aip.org/about/rights_and_permissions
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output is fed to a recorder~Rikendenshi D-72BP! and to the
computer.

III. SURFACE FREEZING OF n-C50H102

For examining the performance of the present appara
we studied the surface freezing of a long-chainn-alkane pen-
tacontane (PC:n-C50H102!. Before actually examining sur
face freezing, we carried out several preparatory exp
ments. At first, we measured the melting pointTm of a bulk
sample with a DSC~Seiko Denshi, DSC120U! and obtained
Tm as 91.2 °C. Then we performed DTA measurements fo
bulk sample~0.1 mg! of PC. To calibrate the temperature
our DTA system, we visually confirmed the melting and r
garded the onset temperature of the observed DTA pea
the melting point.17

The thin film specimen was prepared as an evapora
film of 650 Å in thickness on the sample area SS of
copper substrate as shown in Fig. 1. The evaporation
carried out in a separated evaporation chamber at a vac
of 1025 Torr, and the film thickness was monitored with
quartz oscillator, and the rate of evaporation was 10 Å/m
DTA and photoemission measurements were performed
multaneously around the temperature range of the mel
point observed for the bulk PC sample~0.1 mg!. The increas-
ing and decreasing rate of temperature was 0.4 and 0.3
min, respectively. The melting point of the bulk part of th
evaporated PC film agreed well~within 0.1 °C! with the bulk
melting point, as described later.

In Fig. 6, we show a typical set of the DTA curve an
the variation in photoemission current of PC at the vicin
of the bulk freezing point at the cooling process from
isotropic liquid phase. The photoemission current is sho
in arbitrary units. We observed two anomalies at 92.3 a
91.2 °C, where stepwise increase and decrease of the p
emission current were also detected. As mentioned ab
the larger peak at 91.2 °C is due to the bulk freezing tran
tion. Considering the surface specificity of U
photoemission,16 we can attribute the first small peak
92.3 °C to the surface freezing at the air/liquid interfa
rather than the transition at the liquid/substrate interface
the heating process, we could also detect the correspon
phenomena; after the bulk melting peak we observed a s

FIG. 6. DTA curve and change in photoemission current of a pentacon
film at the cooling process from the isotoropic liquid phase.
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~and broader! peak which is attributable to the melting of th
surface layer. The present DTA curve does not show a se
rate third peak corresponding to the freezing at the P
substrate interface. Although it is difficult to deduce the tra
sition order of the surface freezing effect, it has be
discussed experimentally and theoretically.2,3,5,6,8,9,12,13,18

Studies by surface tension,2,3,8 ellipsometry,9 and
NEXAFS5,6 measurements concluded that it is a first-ord
transition. Finally we should refer to the sensitivity of o
DTA apparatus. The peak height observed for the surf
freezing of PC was 125.3 nV from the baseline, while
typical noise level of our DTA signal was64.1 nV. Thus
this instrument should be able to detect even weaker pe
than those examined in the present study.

IV. DEPENDENCE ON THE PRESSURE OF AMBIENT
GAS

The present DTA apparatus is used in high vacuum
simultaneous NEXAFS or UV photoemission measureme
where vacuum is necessary for its electron yield detectio7

In terms of the thermal analytical condition, the high vacuu
chamber also provides an ideal thermal insulation around
sample/reference materials. This is because the heat tr
ferred from the two copper wires are at least 106 order of
magnitude lager than those by a thermal radiation effec
by a direct thermal conduction of 1026 Torr atmosphere.19

Thus it is quite understandable that our apparatus does
require a well-designed and symmetric thermal jacket e
though it is applicable to detect a monolayer phase transit
At the same time, however, this high vacuum limits t
length of alkanes toward the shorter direction because of
sublimation of the specimen with high vapor pressure. If
can use the apparatus under ambient gas, the sublima
may be suppressed due to the slow diffusion of the eva
rated alkane molecules. Thus, we examined how h
vacuum is required in order to monitor the surface freez
effect. Under low vacuum condition, thermal conduction a
convection flow of the gas may affect the reliability of th
analysis.

Figure 7 shows the DTA curves of PC taken at seve
vacuum pressures realized by introducing a small amoun
N2 through a leak valve:~a! low vacuum ~LV ! 1.2
31021 Torr, ~b! medium vacuum~MV ! 1.331023 Torr, and
~c! high vacuum~HV! 2.731027 Torr in the cooling process
without conducting photoemission measurement. Temp
ture decreasing rates are:~a! 0.34 °C/min,~b! 0.28 °C/min,
and ~c! 0.25 °C/min, respectively. We observed the anom
lies related to the surface freezing transition for HV, M
and LV as well as the peaks of the bulk freezing transition
is noticeable that the anomalies of the surface freezing
HV and MV cases are observed as peaks; but that for
appears as a stepwise discontinuous change of the D
curve. The profile difference of the DTA curve for LV
strongly suggests that the thermal environment was dra
cally different from those for MV and HV. Actually, it is
known that the atmosphere behaves like a gas–fluid so
convection heat transfer may not be negligible when
mean free pathDl of N2 molecules becomes smaller tha

ne
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the typical dimension of the apparatus.19,20 Dl of N2 mol-
ecules at 1022 Torr is approximately 1 cm,19 which is com-
parable to a typical distance of the heater and the sam
The larger fluctuation of the sample temperature shown
Fig. 7~a! may be caused by the thermal convection effec20

Furthermore, the surface freezing transition was observe
a 0.3 °C higher temperature than that of the HV case. T
should be also due to the fact that a nonnegligible amoun
the heat flowed from the top surface to the atmosphere
hence the local temperature of the surface freezing layer
0.3 °C lower than that of the substrate.19 This non-negligible
heat transfer may also explain the stepwise discontinu
change of the DTA curve in terms of the change of therm
resistivity between the sample and the atmosphere. From
results of Fig. 7, we can conclude that our DTA chamb
requires a vacuum of 1.031023 Torr or better.

FIG. 7. Dependence of DTA measurement on ambient pressure:~a! 1.2
31021 Torr, ~b! 1.331023 Torr, and~c! 2.731027 Torr.
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V. DISCUSSION

We have developed an apparatus of DTA capable of
simultaneous measurements of surface specific UV ph
emission to investigate a thin-film phase transition in
vacuum chamber. The vacuum necessary for a reliable m
surement was found to be 1023 Torr or better. In a prelimi-
nary experiment on the analysis of the surface freezing ef
of a pentacontane (n-C50H102:650 Å) film, we could suc-
cessfully observe an additional transition anomaly in a D
curve besides the bulk transition. Since the surface spe
UV photoemission measurement exhibited a correspond
change in its emission intensity, we could conclude that
anomaly is due to the surface freezing. Our DTA appara
with a low noise level of64.1 nV can be applied to inves
tigate various phase transitions observed in other syst
such as polymer films, self-assembled monolayers, and
uid crystals.
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