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In this work, we describe the design and first experimental results of a new setup that combines
evaporation of liquids in ultrahigh vacuum conditions with in situ high sensitivity thermal
characterization of thin films. Organic compounds are deposited from the vapor directly onto a
liquid nitrogen cooled substrate, permitting the preparation and characterization of glassy films. The
substrate consists of a microfabricated, membrane-based nanocalorimeter that permits in situ
measurements of heat capacity under ultrafast heating rates �up to 105 K /s� in the temperature
range of 100–300 K. Three glass forming liquids—toluene, methanol, and acetic acid—are
characterized. The spikes in heat capacity related to the glass-transition temperature, the fictive
temperature and, in some cases, the onset temperature of crystallization are determined for several
heating rates. © 2008 American Institute of Physics. �DOI: 10.1063/1.3009766�

The glass-to-liquid transition, characterized by the glass-
transition temperature Tg, is a fundamental feature of a su-
percooled system.1,2 The thermodynamics and kinetic prop-
erties of the inherently metastable glass state are of great
interest both for fundamental studies as well as for a number
of technological applications.3 Two approaches are typically
used to prepare glasses: �1� ultrafast cooling to quench the
liquid below the freezing temperature and �2� preparing
amorphous films directly from the vapor phase by condens-
ing the molecules onto a cold substrate. A glassy solid can
then be heated up above its Tg to become either a super-
cooled liquid or a crystalline solid. Calorimetry is a standard
technique to determine Tg in bulk materials, exhibiting a
jump of the calorimetric signal at the transition
temperatures.4

Literature reports on calorimetry of glassy thin films are
scarce and generally based on ex situ experiments performed
at low temperatures on glassy systems by adapting conven-
tional differential scanning calorimetry with cryogenic
vessels.5 Recently, the development of highly sensitive mi-
cromachined calorimeters has allowed the study of phase
transitions in thin films.6–8 Efremov et al.6 and Lupaşcu et
al.,7 for example, have measured transitions in supported
polymer thin films. The analysis of the glass transition in
very thin supported films, however, even in model materials
such as polystyrene, is still a matter of debate.9,10 As opposed
to their bulk counterparts, thin films may be strongly affected
by exposure to air or moisture, by the experimental condi-
tions, and by the measurement technique. The ability to mea-
sure the glass transition without air exposure by producing
and measuring samples in situ in an ultrahigh vacuum envi-
ronment is therefore extremely important.10

Although vapor-deposited glassy samples have previ-
ously been prepared and characterized by calorimetry,11,12

Swallen et al.5 demonstrated only recently the higher stabil-
ity of glass samples prepared from the vapor phase as com-
pared to samples prepared by cooling the supercooled liquid.

In this work, we propose a novel setup that combines
thermal evaporation in ultrahigh vacuum conditions with
in situ high resolution measurements of the heat capacity of
thin films. The method allows glass-transition analysis in
glass forming liquids even for ultrathin samples.

The key advantage of this system lies in the use of mi-
cromachined membrane-based devices that, due to their low
thermal mass and small dimensions, can achieve very fast
heating and cooling rates with enough sensitivity to measure
phase transitions even in ultrathin films.6

The proposed procedure for determining glass transition
and crystallization temperatures offers a number of benefits:
�i� ultrahigh purity samples can be prepared from the vapor
phase under UHV conditions; �ii� condensation from the va-
por phase facilitates the formation of vitreous structures, un-
like liquid quenching; �iii� quasiadiabatic nanocalorimetry
allows for direct determination of Cp; �iv� the large range of
heating rates, reaching above 105 K /s, allows for kinetic
measurements and a dynamic analysis of the glass transi-
tions; �v� a single calorimeter chip can be successfully used
for hundreds of successive experiments after subliming the
film from the substrate; and �vi� the high sensitivity permits
measurements on films as thin as a few nanometers.

In order to assess the reproducibility and limitations of
the proposed methodology, we have characterized three pure
organic liquids. Bulk toluene and methanol have well-known
glass-transition temperatures of 117 K �Ref. 13� and 103 K
�Ref. 14� respectively. Acetic acid has only recently been
studied, with an estimated Tg around 130 K �Ref. 15� asa�Electronic mail: javirod@vega.uab.es.
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determined by time-of-flight secondary ion mass spectrom-
etry and temperature programmed desorption.

Commercial toluene, methanol, and acetic acid �all
�99.9%� were purchased from Sigma-Aldrich and used as
received without further purification. Each liquid is placed in
a stainless steel or pyrex container followed by several
freeze-pump-thaw cycles to remove dissolved gases. A sche-
matic of the whole system is shown in Fig. 1.

After the container returns to room temperature, the va-
por pressure of the sample liquid is high enough to be intro-
duced into the UHV transfer prechamber using a needle
valve. By carefully opening the high-precision leak valve
connecting the prechamber with the main chamber, we con-
trol the leak rate into the main chamber and thus the quantity
of vapor near the substrate. The vapor is injected through a
glass microcapillary connected to the leak valve. As illus-
trated in Figs. 1 and 2, the end of the capillary is located 1
mm away from the cooled nanocalorimeter surface, where
the vapor rapidly condenses. During this step, the composi-
tion of the gas that enters the main chamber is monitored

using a residual gas analyzer �RGA�, which also permits a
rough estimate of the quantity of vapor injected. Recent find-
ings by Efremov et al.10 show that the presence of an RGA
may modify the properties of organic films due to interaction
with the radicals produced by molecules cracking on the
RGA filament. We therefore carried out several tests with the
RGA on and off during film growth and/or heat scans and
have not observed any substantial effect on the shape or po-
sition of the glass transition. The absence of a RGA effect
may be related to the ultrahigh vacuum of our system
�10−9 mbar base pressure� and the small size of the deposi-
tion area �shown in Fig. 2�.

Figure 2 shows the cross sections of the microchip
holder and the microchip itself, acting as the film substrate.
The microchip is sandwiched between two copper supports
cooled by liquid nitrogen. The temperature of the support is
monitored by a 100 � platinum resistive temperature sensor,
PT100. The microdevices consist of a 180 nm thick SiNx

membrane suspended on a silicon frame. On top of the mem-
brane, a platinum thin film is patterned by lift-off to define
the heater and sensor elements. Details of the microfabrica-
tion process as well as of the thermomechanical stability are
described elsewhere.16,17 As shown in Fig. 2, a shadow mask
ensures selective film deposition only on the platinum heater
of one of the calorimetric sensors, while the second sensor is
protected from any deposition and therefore serves as a ref-
erence in the differential measurements. No changes in the Pt
line resistance were observed upon deposition of the various
films.

Prior to the experiments, the microchips are calibrated
individually in an external cryostat and the resistance at
room temperature as well as the temperature coefficient of
resistance �TCR� are determined. Two almost identical nano-
calorimeters are then selected and mounted on the copper
holders and located in the UHV chamber, evacuated down to
10−9 mbar with a turbomolecular pump connected in series

FIG. 1. �Color online� Schematic of the experimental setup.

FIG. 2. �Color online� Schematics of
the copper holder support �left� and
cross section of the twin membrane-
based nanocalorimeter system �right�.
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with an oil-sealed mechanical roughing pump. Before depos-
iting the films, hundreds of calorimetric scans are performed
by consecutively heating both nanocalorimeters up to 350 K
and self-cooling to 80 K. This procedure determines the ini-
tial difference between the two calorimetric cells, which will
be used as the baseline to be subtracted from the final mea-
surements. After this internal calibration procedure, the se-
lected vapor is introduced into the main chamber as de-
scribed above and rapidly condenses on the nanocalorimeter
surface, forming a glassy film. During deposition, the sub-
strate is maintained at 90 K using a proportional-integral-
derivative controller that controls the amount of current sup-
plied to the Pt element of the calorimetric sensor. The
temperature can thus be tuned and maintained constant to
any desired value above liquid nitrogen temperature. Imme-
diately after film deposition, scans are performed by heating
the nanocalorimeter up to the desired temperature at heating
rates of around 3.5�104 K /s. At such fast rates, the heat
capacity of the sample can be evaluated from the measure-
ment of the differential voltage between the two calorimetric
cells, �V, as a function of time according to the expression18

Cp
sample�T�t�� = −

VR�t�
�dT/dt�2�dR/dT��t

d�V

dt
, �1�

where VR�t� is the reference voltage at a given time and
�dR /dT� accounts for the TCR of the microchips. The final
Cp value is obtained after several corrections described in
detail elsewhere.16,18 Figure 3 shows the heat capacity as a
function of temperature determined from the first heat scan
of the three films deposited at T=90 K. We observe a clear
heat capacity jump at the glass transition as well as a large
overshoot due to the fast heating rate. The apparent increase
in heat capacity observed at higher temperatures is attributed
to film desorption. We estimate the mass of the film using the
experimental data and the specific heat of the bulk material
at around 100 K,11,13,19 where the contribution of sublimation

to the heat capacity is negligible. Taking into account the
deposition area and the densities of the liquids,20–22 we
evaluate film thicknesses and growth rates. Typical growth
rates are found to be around 0.01 nm/s and film thicknesses
range from 15 to 70 nm. From Fig. 3 we extract the glass-
transition onset temperature Tg defined by the intersection of
a linear fit of the Cp in the glassy state and the rise in Cp. Tg

values determined at 3.5�104 K /s in the first scan after film
growth are 185, 139, and 119 K for acetic acid, toluene, and
methanol, respectively. These values are substantially higher
than those measured with conventional heating rates
��1–10 K /min� on conventional glasses: 130 �Ref. 15�,
117.5 �Ref. 13� and 103 K �Ref. 14� for acetic acid, toluene,
and methanol, respectively. Integration of the heat capacity
yields the enthalpy upon heating and is used to obtain the
fictive temperature. Tf is calculated to be 160 and 111 K for
acetic acid and toluene, respectively. The Tf of methanol
could not be measured accurately because it lies below the
starting temperature of the calorimetric scan �around 100 K�.

Limiting the final temperature to below the onset of non-
reversible processes, including sublimation, ensures repro-
ducibility and allows us to carry out many consecutive scans
under identical heating and cooling rates. The data can thus
be averaged and the signal-to-noise ratio of the curves im-
proved as shown for toluene in Fig. 4. When comparing the
first scan of toluene �Fig. 3�b��, corresponding to the vapor-
deposited film, with the subsequent scans �Fig. 4�, corre-
sponding to fast cooling from the liquid, a significant change
in both Tf and Tg is observed. The lower fictive temperature
of the as-deposited sample, Tf =111 K, compared to Tf

=117 K for the fast-cooled one, is indicative of its higher
thermodynamic stability. Also, the as-deposited sample ex-
hibits an enthalpy that is 3 J/g lower than the enthalpy of the
fast-cooled sample. These results are in agreement with re-
cent data from Swallen et al.,5 who first demonstrated that
vapor-deposited films can be more relaxed than supercooled
ones. Similarly, the lower Tg �131 K� and a substantially
smaller height of the overshoot of the fast-cooled �from the
liquid� sample compared to the as-deposited film �Tg

=139 K� indicate a greater kinetic stability of the vapor-
deposited sample. For toluene, we also measure the jump in
heat capacity from the glass to the supercooled state, �Cp

=0.35 J /g K, which closely agrees with the bulk value of
0.37 J /g K.13 It is worth noting that the sensitivity of this

FIG. 3. Heat capacity curves obtained from the first scan after film deposi-
tion of the various glass forming liquids as a function of temperature.
Curves are smoothed for clarity with a ten point adjacent averaging.

FIG. 4. Heat capacity of a toluene film �nominal thickness of around 40 nm�
obtained by averaging 50 consecutive measurements under identical heating
�3.5�104 K /s� and cooling �2�103 K /s� conditions.

181101-3 In situ nanocalorimetry of glassy films J. Chem. Phys. 129, 181101 �2008�



technique is high enough to detect changes in Cp as low as a
few nJ/K.

The influence of the heating rate on the phase transitions
was investigated in methanol and acetic acid, both of which
are expected to crystallize within the temperature range stud-
ied. For instance, at standard heating rates of few K/min,
methanol readily crystallizes 3–5 K above Tg. In our case, as
indicated by Fig. 3, heating of 3.5�104 K /s inhibited the
crystallization upon heating at least in the temperature range
measured. This phenomenon was expected, as crystallization
kinetics typically depend more strongly on the heating rate
than does the glass transition; hence a larger supercooled
region may be observed at much higher heating rates.23 The
second scan does not show the presence of a glass transition,
suggesting that methanol undergoes a liquid-to-crystalline
transition upon the slower cooling from the liquid �at around
2000 K/s�.

The effect of increasing the heating rate on the apparent
heat capacity curve of an acetic acid glassy film is even more
evident, as shown in Fig. 5. The curves correspond only to
first scans performed just after sample deposition, varying
the heating rate from 2000 to 7.5�104 K /s. Because at the
lower scan rates the sample behaves nonadiabatically, the
results of Fig. 5 are presented as d�V /dt�T�, which contains
the same temperature dependence as the heat capacity curve.
The trace at 2000 K/s shows an upswing of the apparent heat
capacity just before the exothermic event which indicates
that crystallization �Tx�172 K� occurs before reaching a
steady supercooled liquid state. Tg was estimated to be 164 K
at a heating rate of 2000 K/s. The rapid endothermic rise of
the signal above 210 K is due to sublimation of the sample.
Upon increasing the heating rate to 1.5�104 K /s, both the
glass transition �175 K� and the crystallization �Tx

�191 K� events are clearly resolved due to the different
activation energies of the two processes. The region between
them is the supercooled liquid region, which can be ex-
panded by using even higher heating rates �3.5�104 K /s�
as shown in Fig. 5, where Tg was estimated in 184 K. At the
highest heating rate of 7.5�104 K /s, Tg is determined to be
190 K, the crystallization is frustrated in the analyzed tem-

perature range and the sublimation is also retarded compared
to the slower scans. The procedure used in this work could
thus provide a means to explore the supercooled liquid re-
gion, between the glass transition and the crystallization, in
many other materials.

In conclusion, we have shown that in situ nanocalorimet-
ric measurements performed in a UHV evaporation chamber
provide a unique opportunity to explore the stability of
vapor-deposited glass films by measuring their heat capacity
over a wide temperature range. The applicability of the tech-
nique is demonstrated by measuring the jump in heat capac-
ity associated with the glass transition in glassy films of tolu-
ene, acetic acid, and methanol under different heating and
cooling rates. In situ preparation and characterization are
shown to be useful methods for studying the stability and
aging phenomena of glassy systems. Further enhancement of
the system to allow for intermediate heating and cooling
rates is underway, and the results will be the subject of future
work.
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