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Micromachined nanocalorimetry sensors have shown excellent performance for high-temperature

and high-scanning rate calorimetry measurements. Here, we combine scanning AC

nanocalorimetry with in-situ x-ray diffraction (XRD) to facilitate interpretation of the calorimetry

measurements. Time-resolved XRD during in-situ operation of nanocalorimetry sensors using

intense, high-energy synchrotron radiation allows unprecedented characterization of thermal and

structural material properties. We demonstrate this experiment with detailed characterization of the

melting and solidification of elemental Bi, In, and Sn thin-film samples, using heating and cooling

rates up to 300 K/s. Our experiments show that the solidification process is distinctly different for

each of the three samples. The experiments are performed using a combinatorial device that

contains an array of individually addressable nanocalorimetry sensors. Combined with XRD, this

device creates a new platform for high-throughput mapping of the composition dependence of

solid-state reactions and phase transformations. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4811686]

I. INTRODUCTION

Nano-calorimetry is a recently developed materials

characterization technique that has advanced rapidly in

recent years.1,2 It enables ultrasensitive calorimetry measure-

ments on very small samples of materials through use of

micromachined sensors with vanishingly small thermal

mass. Due to the small thermal mass of the sensors, very fast

heating rates can be achieved that minimize heat loss to the

environment. For instance, the nanocalorimetry sensor origi-

nally developed by Allen and coworkers can attain heating

rates as large as 105 K/s and has been used to perform very

precise heat capacity measurements on nanoparticles3,4 and

ultrathin polymer films.5–7 Schick et al. have developed a

different sensor that can operate under non-adiabatic condi-

tions with controlled heating and cooling rates in the range

of 103 K/s.8,9 A recent development in combinatorial nanoca-

lorimetry by McCluskey and Vlassak expands the applica-

tion of nanocalorimetry to material libraries with

composition gradients, enabling high-throughput analysis of

complex materials systems.10,11 This combinatorial tech-

nique can be used to study the kinetics of phase transforma-

tions and the effects of heat treatments as a function of

composition and has been applied successfully to shape

memory alloys and metallic glasses.12–14

An important challenge in the nanocalorimetric study of

multi-component materials systems is to assign the features

in the calorimetric trace to the various physical events that

take place as a function of temperature—phase transitions in

multi-component systems lead to complex calorimetric sig-

nals. One possible approach to resolve this challenge consists

of simultaneously performing x-ray diffraction (XRD) and

calorimetry measurements. XRD provides a wealth of struc-

tural information and allows identification of the phases

present in a sample at a given temperature, while calorimetry

yields thermodynamic and kinetic data that are highly

temperature-resolved. In practice, combining both techni-

ques is difficult due to the very different time scales involved

in the techniques and the very small mass of the samples.

For instance, to minimize heat loss, nanocalorimetry meas-

urements are often performed at heating rates in excess of

103 K/s—a typical scan may last only a fraction of a second.

XRD measurements, on the other hand, can require long ex-

posure times and a typical h-2h scan on a thin-film sample

may last hours. In this paper, we describe a new technique,

where we combine scanning AC nanocalorimetry with

in-situ XRD measurements using synchrotron radiation.

Scanning AC nanocalorimetry15 is a calorimetry tech-

nique in which an input power oscillation is superposed on a

sample during a regular scanning calorimetry measurement.

The amplitude and phase lag of the resulting temperature os-

cillation provide accurate information on both the heat

capacity of the sample and its heat loss to the environment.

Using this idea, Huth et al.16 and Guenther et al.17 developed

AC chip-calorimeters that can operate at scanning rates

below 10 K/min. Xiao et al.15 recently developed a different

a)Xiao and Gregoire contributed equally to this work.
b)This research was performed while the author was at the School of

Engineering and Applied Sciences, Harvard University, 29 Oxford Street,

Cambridge, Massachusetts 02138, USA.
c)E-mail address: vlassak@esag.harvard.edu

0021-8979/2013/113(24)/243501/10/$30.00 VC 2013 AIP Publishing LLC113, 243501-1

JOURNAL OF APPLIED PHYSICS 113, 243501 (2013)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.103.151.36 On: Tue, 20 May 2014 14:21:47

http://dx.doi.org/10.1063/1.4811686
http://dx.doi.org/10.1063/1.4811686
mailto:vlassak@esag.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4811686&domain=pdf&date_stamp=2013-06-24


scanning AC nanocalorimetry technique that enabled meas-

urements from nearly isothermal to rates as high as

2� 103 K/s. This development, combined with the high in-

tensity of a synchrotron x-ray source, has made it possible to

perform in-situ XRD measurements during a nanocalorime-

try scan.

Here, we provide a detailed description of the experi-

mental technique and illustrate its capabilities by presenting

preliminary measurements on a few simple materials sys-

tems. In Sec. II, we describe the micromachined nanoca-

lorimetry device that was used for the measurements, and we

provide a detailed account of the experimental set-up that

was used to perform the XRD and calorimetry measurements

at the synchrotron. In Sec. III, we briefly review the theory

that underlies scanning AC nanocalorimetry and provide the

equations necessary for the analysis of the calorimetry data.

This section also contains the details of the data reduction

schemes. Results for experiments on thin-film samples of Bi,

In, and Sn are discussed in Secs. IV and V.

II. EXPERIMENTAL SETTING

A. PnSC device

The nanocalorimetry measurements in this study were

performed using a parallel nano-scanning calorimeter

(PnSC). The PnSC is a micromachined device described in

detail elsewhere.10,11,15 Briefly, it consists of a silicon sub-

strate with a 5� 5 array of independently controlled calorim-

eter sensors. Each sensor contains a tungsten four-point

electrical probe that serves both as a heating element and a

resistance thermometer. The tungsten probe is supported by

a freestanding silicon nitride membrane and is completely

encapsulated in silicon nitride. Figure 1 shows a schematic

of the sensor that was used for AC calorimetry measure-

ments in prior work.15 In a typical calorimetry measurement,

a thin-film sample is deposited in the shaded area between

the two sensing leads, and an electric current is supplied

through the tungsten heating element. The measured current

and voltage are used to determine the power supplied to the

sample, while the temperature of the sample is determined

from the resistance of the heating element, which is cali-

brated to temperature.

B. Measurement set-up

The XRD measurements were performed at the Cornell

High Energy Synchrotron Source (CHESS) using a

transmission-geometry diffraction experiment (see Fig. 2),

described elsewhere.18 On the CHESS A2 beamline, a lightly

sanded Si-111 double-crystal monochromator provided a

30 keV x-ray beam with a flux of 4.5 � 1010 photons per sec-

ond in the 0.6� 0.8 mm beam cross-section. A large-area

pixel array detector (GE 41RT) optimized for efficient detec-

tion of high-energy x rays was used in transmission geome-

try to acquire diffraction data. The detector can image as fast

as 30 frames per second.

To control the ambient atmosphere during the calorime-

try measurement, the measurements were performed inside a

small custom-built vacuum chamber with internal diameter

of 30 cm to accommodate the probe card and PnSC device.

To align the x-ray beam with each of the calorimeter samples

in the 5 � 5 array, the entire chamber was mounted on a

two-dimensional translation stage. The chamber contained

an upstream x-ray window slightly larger than the PnSC de-

vice size and a considerably larger downstream window to

avoid obstructing the diffraction cone from each calorimeter.

Each window was custom made by sealing 0.1 mm-thick pol-

yimide film to a flanged aluminum frame using epoxy

(Varian TorrSeal). The chamber was evacuated with a com-

pact molecular drag turbo pump (Adixen MDP-5011) backed

by a rotary vane pump (Edwards RV3). The chamber pres-

sure was measured using thermocouple and ionization vac-

uum gauges (Kurt J Lesker 300 and 354). The chamber was

evacuated to a base pressure of 10�6 Torr, and measurements

were performed either at this pressure or under a fixed pres-

sure of 500–750 mTorr of helium.

C. Data acquisition system

Nanocalorimetry measurements were performed using a

data acquisition system controlled with LABVIEW
VR

, along with

FIG. 1. Schematic of the PnSC device and calorimetry sensor. The detailed

view shows the metallization within the 2.5� 5 mm membrane. The sample

deposition region shown in yellow is the same as the calorimeter measure-

ment area. The subset of this area shown in green is the footprint of the

x-ray beam.

FIG. 2. Experimental set-up used for the in-situ diffraction and nanocalorim-

etry measurements. The sample is located inside the chamber; the XRD

measurements are performed in transmission geometry during the nanoca-

lorimetry scan.
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a programmable current source. The systems consisted of

several sub-systems as illustrated in Fig. 3: (1) A current

source for powering the PnSC sensors and for monitoring the

current output; (2) a DAQ controller for acquiring the volt-

age output signals from the PnSC sensors; (3) an amplifier

board for conditioning of the sensor’s voltage response and

(4) a band pass filter (Stanford Research Systems, SR640).

The data acquisition electronics setup was similar to that

described in Refs. 10 and 15, with modifications to create a

compact, portable system. Computer control and measure-

ments were performed through a digital-to-analog (DA) and

analog-to-digital (AD) module (National Instruments, NI

cDAQ-9174 integrated with NI 9263 and NI 9205). The

modified Howland current source consisted of three high-

precision, low noise operational amplifiers (OPA2227, Texas

Instruments, Austin, TX), and a high-output current differen-

tial driver (AD815, Analog Devices, Norwood, MA). The

current source was driven by a 100 kHz DA voltage output,

providing capability for AC experiments up to 25 kHz. The

applied current was determined by measuring the voltage

across a precision resistor in series with the calorimeter de-

vice. The voltage across the calorimeter was measured

directly, and this signal was also input into the band pass fil-

ter. The output of the band pass filter, the calorimeter volt-

age, and the precision resistor voltage were all sampled with

the AD module, using the pseudo-differential sampling

mode for noise rejection. Noise rejection was also engi-

neered into the electronics by isolating the DAQ module and

current source from earth ground, which was accomplished

with low-noise and ground-isolated DC power supplies

(Agilent E3630A and E3620A) as well as galvanically isolat-

ing the DAQ communications over an optically isolated

Universal Serial Bus (USB) interface to the computer. One

voltage probe of the 4-point calorimeter cell was earth-

grounded, and ground shields for all other cables were con-

nected at this single ground terminal. Individual sensors on

the PnSC device were selected by manually switching wire

connections between the probe card and the data acquisition

system. The measurement system did not have any feedback

loop to control the sensor temperature; experiments were

performed by applying pre-defined current profiles to the

sensors. The integrated measurement system was controlled

via a LABVIEW
VR

program on the user computer. For a given

experiment, both the calorimetry and XRD acquisition sys-

tems were triggered with a user-activated TTL signal and ran

according to a pre-defined timing schedule.

D. Sensor calibration and sample preparation

After microfabrication of the PnSC device, each sensor

was calibrated by measuring the resistance of the heating ele-

ment and its linear temperature coefficient. The PnSC device

was placed in a vacuum furnace and the furnace temperature

was stepped from room temperature to 443 K in approxi-

mately 15 K intervals. The vacuum furnace was filled with

helium gas to provide temperature uniformity within the

chamber. At each temperature step, a DC current of 1 mA,

which yielded negligible Joule heating, was passed through

each heating element on the PnSC device, and the voltage

across the heating element was recorded. The resistance of

the heating elements was found to increase linearly with tem-

perature over the entire temperature range of interest, in ac-

cordance with the previously detailed calibration of the

resistance thermometers.10,11 Typical experimental values

of the resistance, RRT, and the thermal coefficient of resist-

ance, kRT, at room temperature were 5.37 6 0.02 X and

(1.65 6 0.02)� 10�3 K�1, respectively.

Elemental Sn, Bi and In samples were deposited onto

the sensors by magnetron sputtering in a centered, on-axis

geometry. The depositions were performed using a shadow

mask to limit deposition to the center segment of each ser-

pentine sensor. The deposition parameters are summarized in

Table I. The total deposited mass was calculated from the

FIG. 3. Schematic of the data acquisition system.

TABLE I. Sample deposition parameters.

Material

Ar pressure

(Pa)

Power

(W)

Rate

(nm/s)

Thickness

(nm)

Mass

(lg)

In 1.3 11 0.25 190 2.6 6 0.4

Sn 2.4 6 0.14 100 1.4 6 0.2

Bi 0.67 15 1.1 300 5.6 6 0.5
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mass accumulation rate, which was measured using a quartz

crystal thickness monitor, and from the area of the openings

in the shadow mask. The thickness values in Table I were

calculated assuming standard densities of the elemental sol-

ids. After deposition, the shadow mask was removed and the

samples were capped with a 32 nm aluminum nitride coating

to protect the samples from the atmosphere during the calo-

rimetry measurements. The coating was sputter deposited

from an elemental Al target using a 100 kHz pulsed DC

power of 89 W in a 1.25 Pa atmosphere of 20% N2 in Ar.

During this deposition, the PnSC device was rotated to attain

conformal coating.

III. THEORY AND DATA REDUCTION

A. Scanning AC calorimetry

Scanning AC calorimetry measurements are performed

by supplying a current

I ¼ I0 þ i cosðxt� u0Þ (1)

to the heating element of a nanocalorimetry sensor and by

measuring the corresponding 2x voltage component across

the voltage leads of the sensor (see Fig. 1). The current indu-

ces a temperature rise along with temperature oscillations of

frequencies x/2p and x/p. These oscillations cause the re-

sistance of the heating element to oscillate, which in turn

causes higher harmonics in the voltage response. The 2x
voltage response of the sensor is given by15

V2x ¼ X2x cosð2xtÞ þ Y2x sinð2xtÞ; (2a)

X2x ¼
i2I0R2

0k
Cx

½sin u1 cosð2u2 þ u1Þ

þ 1

4
sin u2 cosð2u0 þ u2Þ�; (2b)

Y2x ¼
i2I0R2

0k
Cx

½sin u1 sinð2u2 þ u1Þ

þ 1

4
sin u2 sinð2u0 þ u2Þ�; (2c)

where C is the total heat capacity of the heating element and

sample. Ro and k are the temperature-dependent resistance

and thermal coefficient of resistance of the heating element,

respectively. The phase angles u1 and u2 are related by

2 tan u1 ¼ tan u2: (3)

Detailed derivations of Eqs. (2) and (3) can be found in our

previous work.15 When the heat loss during the calorimetry

measurement is large, the phase angles approach a value of

p/2, and the heat capacity C is readily determined from

Eq. (2). In the Appendix, we show that C can also be deter-

mined using the following more general approach. The phase

angle u1 is given by the following equation:

10 tan3u1 þ 9n tan2u1 þ 4 tan u1 þ 3n ¼ 0; (4)

where

n¢
X2x sin 2u0 � Y2x cos 2u0

X2x cos 2u0 þ Y2x sin 2u0

: (5)

It can be shown that Eq. (4) has only one real root, so that

tan u1 is uniquely determined by Eq. (4). The total heat

capacity C is then given by

C ¼ i2I0R0
2k

xjV2xj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25 tan2u1 þ 9

16 tan2u1 þ 4
� tan2u1

1þ tan2u1

s
: (6)

Reference 15 provides a detailed discussion on how to select

the experimental parameters I0, i, and x to perform valid AC

calorimetry measurements.

B. Data reduction for AC calorimetry measurements

To analyze the results, the measured currents and vol-

tages for each experiment were divided into segments con-

sisting of an integer number of AC oscillation periods. The

V2x voltage was evaluated by applying a discrete Fourier

transform (DFT) to every segment. All discrete Fourier

transforms were performed using a second order Goertzel

algorithm, which is a very efficient method of computing

DFT values at specific frequencies.19 The temperature of the

sensor was calculated from the resistance of the heating ele-

ment and its thermal coefficient of resistance. The total heat

capacity C of a sensor with sample was calculated using Eqs.

(4)–(6). Finally, a window average method was implemented

to smooth the heat capacity results. All calorimetry measure-

ments presented in this paper include the heat capacity of the

addendum, which was estimated at 1.8 lJ/K from measure-

ments performed on an empty sensor. The heat loss from

sample to the environment increases with temperature and

was estimated to be 40 mW at 800 K.15

C. XRD measurement

For each experiment, the x-ray beam was aligned to the

center of the calorimeter sensor as illustrated in Fig. 1. The

sample mass for the x-ray measurement was on the order of

1 lg, approximately one third of the calorimetry sample mass

(see Table I). For these experiments, x-ray detector frame

rates between 0.1 and 10 Hz were used for crystallographic

characterization of the sample as functions of time and tem-

perature; the acquisition times are provided in the relevant fig-

ure captions. The combination of small sample mass and short

integration time pushed the detectability limit of the diffrac-

tion measurement, requiring careful data processing for quan-

titative analysis. The aggregate background scattering from

the air, the polyimide windows, etc. was characterized by

acquiring diffraction patterns on a PnSC substrate with no de-

vice. After subtracting this background and performing azi-

muthal integration to produce x-ray powder patterns, the

sequence of patterns for a given experiment were analyzed in

aggregate by summing the patterns. The Bragg peaks identi-

fied in the sum pattern were used to define segments of the

powder pattern, which were analyzed in each pattern in the

sequence. For each experiment, the diffraction patterns

acquired near the highest sample temperature were analyzed

243501-4 Xiao et al. J. Appl. Phys. 113, 243501 (2013)
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to confirm the absence of sample Bragg peaks, and then the

average of these patterns was used as a background pattern for

the sequence of images. This background subtraction method

effectively removed the scattering from the tungsten heating

element. Before and after each experiment, long-exposure dif-

fraction images were also acquired to provide characterization

of the room-temperature sample.

IV. RESULTS

Typical AC calorimetry results obtained for the Bi thin-

film samples are shown in Fig. 4. Figure 5 shows the corre-

sponding Bi XRD patterns obtained at different temperatures

during the calorimetry scans. The heat capacity in Fig. 4

reflects the true heat capacity of the Bi sample, i.e., the

energy added or extracted to reversibly heat or cool the sam-

ple without any heat loss to the environment.15 Heating and

cooling scans obtained in three different measurements are

shown. The data from the three different measurements lie

on top of each other, demonstrating excellent reproducibility.

Both the heating scans (solid curves) and the cooling scans

(dashed curves) show distinct peaks caused by melting or

solidification of the sample. Unlike DC calorimetry measure-

ments, these peaks are not directly related to the latent heat

of melting.20,21 On heating, the AC component of the power

supplied to the sample during the melting process can create

oscillations in the relative fraction of the two phases (i.e.,

movement of the phase boundary), which leads to reduced

temperature oscillations and results in a distinct peak in the

AC calculation of the heat capacity.15,20 These peaks can be

used to determine the melting temperature of the sample and

are related to the reversibility of the reaction at the time scale

of the temperature oscillation, but the area under the peak

does not correspond to the latent heat of melting. The widths

of the peaks are determined mainly by the temperature

uniformity of the sensor and the amplitude of temperature

oscillation.15 Here, the melting temperature is taken at the

maximum point of the heat capacity signal.10,15 The value

for Bi is found to be 543.3 K, in good agreement with the lit-

erature value of 545.1 K.22 The solidification peaks on cool-

ing, however, occur at 448.7 K, which is significantly lower

than the equilibrium melting temperature of Bi. The corre-

sponding peaks in the calorimetry trace are not nearly as dis-

tinct as those on heating since the temperature oscillations

are not reduced during solidification as much as they are dur-

ing melting. Because of the undercooling, the solidification

process is a non-equilibrium process with a rate of solidifica-

tion that is set by the degree of undercooling and that has a

much smaller effect on the temperature oscillations com-

pared to melting. At temperatures between the melting and

solidification points, there is a small but distinct offset

between the heat capacity curves obtained on heating and

cooling, indicating that the super-cooled liquid Bi has a

slightly higher heat capacity than solid Bi at the same tem-

perature. This finding is in agreement with measurements on

bulk Bi samples.23

Figure 5 shows several Bi XRD images taken at differ-

ent temperatures during the heating and cooling scans of the

AC calorimetry measurement. The diffraction geometry is

similar to that used in transmission electron microscopy, and

the ensuing diffraction patterns, indeed, resemble those

obtained in a transmission electron microscope. Due to the

random crystal texture, grains diffract into Debye rings,

which typically exhibit a uniform intensity distribution due

to the multitude of grains in the diffracting sample volume.

While the Debye rings for the metal samples contain some

uniform component, samples solidified from a melt contain

larger grains that produce bright spots in the Debye ring

when they satisfy the Bragg condition. For the Bi sample,

the images in Figure 5 show Debye rings with approximately

100 bright spots, and the same approximate number of spots

FIG. 4. (a) Heat capacity and (b) corresponding scanning rates as a function

of temperature for Bi for three calorimetry scans (solid lines: heating, dashed

lines: cooling). The current (I0, i) used for the measurements was increased

linearly from (20 mA, 20 mA) to (72 mA, 72 mA) and then decreased to

(12 mA, 12 mA). Measurements were performed using a frequency of

416.6 Hz. The amplitude of temperature oscillation is 6.1 K at 500 K.

FIG. 5. XRD images taken for the Bi sample at different temperatures dur-

ing the nanocalorimetry scans. (a) 373 K, (b) 473 K, (c) 673 K (above melt-

ing point), and (d) 373 K (after solidification). The XRD image acquisition

time was 0.1 s.

243501-5 Xiao et al. J. Appl. Phys. 113, 243501 (2013)
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is observed in each {hkl} ring due to the random texture.

Debye rings for the thinner In sample (not shown) contain

only about 10 bright spots. Since the number of grains in the

diffraction sample is not sufficiently large to create uniform

powder diffraction rings, the use of a linear (one-dimen-

sional) detector would fail to capture a powder pattern.

On heating, the diffraction patterns obtained at tempera-

tures below the melting point are well matched to that of

rhombohedral Bi, while those obtained above the melting

point do not contain detectable Bragg peaks. On cooling

below the solidification temperature, the Bi diffraction pat-

tern reappears. The integrated diffraction intensity of the Bi

{110} reflection is shown as a function of temperature in

Fig. 6, clearly showing melting and solidification reactions.

We also analyzed the diffraction images to ascertain the evo-

lution of the crystal orientation distribution during the calo-

rimetry experiment. For each image, a window of scattering

vector magnitude containing the Bi {110} scattering was

integrated along the scattering vector magnitude to yield the

diffraction intensity as a function of detector azimuth, which

is equivalent to the azimuthal orientation of the crystal grains

on the sample. We quantify the evolution of this pattern as a

function of temperature by calculating the correlation with

the room-temperature diffraction pattern from before and af-

ter the calorimetry experiment (Ci(T) and Cf(T), respec-

tively). These correlations are shown in Fig. 6 and contain

three important features. First, the sharpest transitions in the

correlations occur at the melting and solidification reactions

as the orientation patterns of the liquid sample contain no

diffraction intensity, yielding a vanishing correlation value.

The most important feature of these correlations is that Cf(T)
is small before the melting reaction, and Ci(T) is small after

the solidification reaction. This observation implies that there

is no measurable correlation between the orientations of the

grains before and after melting, as might be the case if grains

had fixed nucleation sites that would result in preferred ori-

entations. Finally, both Ci(T) and Cf(T) gradually decrease

from their unity value with increasing temperature. Over the

temperature range of these experiments, the relative thermal

expansion of the samples is on the order of 10�3. The magni-

tudes of the scattering vectors of the Bragg peaks shift by a

corresponding amount, but these shifts are not generally

detected because they are much smaller than the observed

peak widths and are comparable to the resolution of the dif-

fraction measurement. Thus, thermal shifts do not contribute

to the decrease in correlation with increasing temperature.

Closer analysis of the orientation distribution curves (not

shown) reveals that the decrease in correlation is caused by

variations in the peak heights compared to the room-

temperature diffraction pattern. These variations in peak

heights may be caused by grain growth in the sample, which

would not be surprising given the low melting point of Bi.

Abrupt disappearance of a peak or appearance of a new

peak, indicative of recrystallization of the sample, is not gen-

erally observed. The analysis of the structural evolution of

the sample highlights the depth of information that can be

obtained by combining a thin film heater/thermometer and a

high-energy diffraction experiment using an area detector.

FIG. 6. (a) Heat capacity and heating rate for the Bi sample as a function of

temperature, the experimental parameters are the same as in Fig. 4; (b) cor-

relation of diffraction patterns and peak intensity as a function of tempera-

ture. Solid lines are for heating, dashed lines are for cooling. The vertical

yellow lines mark alignment of the reaction windows in the PnSC and XRD

signals. The image acquisition time was 0.1 s.

FIG. 7. Heat capacity, scanning rates,

and XRD intensity for the In sample as

a function of temperature for two dif-

ferent scans (solid lines: heating,

dashed lines: cooling). (a) and (b) are

results for the first measurement and

(c) and (d) for second measurement.

The current (I0, i) used for the two

measurements was increased linearly

from (27 mA, 18 mA) to (86 mA,

59 mA) and then decreased to (13 mA,

9 mA). The AC frequency used was

416.6 Hz for both scans. The amplitude

of temperature oscillation is 9.9 K at

500 K. The XRD image acquisition

time was 0.1 s.
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The AC calorimetry and XRD results obtained for the In

sample are presented in Fig. 7. Results for two identical

scans are shown. The calorimetry data from both measure-

ments are nearly identical, demonstrating excellent reprodu-

cibility. Both the heating scans (solid curves) and the cooling

scans (dashed curves) show distinct peaks caused by In melt-

ing and solidification, respectively. The melting temperature

is found to be 432.7 K, in good agreement with the literature

value of 429.7 K.22 Unlike Bi, however, melting and solidifi-

cation of In occur at the same temperatures—no undercool-

ing is observed in Fig. 7, and the solidification proceeds in a

reversible manner. As a result, the temperature oscillations

are reduced both on rising and falling, and the calorimetry

traces for solidification and melting are quite similar. Figure

7 also shows the intensity of the In {101} peak as a function

of temperature. The change in diffraction intensity with

melting and solidification is readily discerned, but compared

to Bi the data are less reproducible and much noisier because

of the smaller sample mass and atomic form factor of In. In

the second experiment, for instance, the peak intensity

briefly jumps to a very large value as a single large grain of

In momentarily satisfies the Bragg condition. This phenom-

enon of course also occurs for Bi, but the smaller sample

mass and possibly larger grains of In result in much larger

statistical fluctuations.

Calorimetry and in-situ XRD results obtained for the Sn

sample are shown in Fig. 8. The figure contains data for two

sets of measurements performed at two different scan rates.

The heating scans (solid curves) in the calorimetric signal

show a distinct melting peak at 502.4 K for the fast scan and

at 483.4 K for the slow scan. The former value agrees well

with the literature value of 505 K; we attribute the offset in the

slow scan to the very large temperature oscillation used in this

scan (�27 K), which was an inadvertent result of the smaller

AC frequency used to perform the measurement. In contrast to

the heating scans, the cooling scans (dashed curves) do not

have any obvious features associated with solidification. This

absence of a distinct solidification peak for Sn was also

observed in previous nanocalorimetry measurements.15

The XRD results shown in Fig. 8 were obtained using an

image acquisition time of 0.1 s for the fast scan and 2 s for the

slow scan—the much-improved signal-to-noise ratio for the

slower scan is evident. Unlike the calorimetry traces, the XRD

signals show clear transitions on both heating and cooling.

The solidification process starts at the melting point and com-

pletes over a temperature range of approximately 150 K. This

observation suggests a gradual solidification process in which

isolated Sn droplets on the sensor solidify at different degrees

of undercooling. This process is consistent with previous

nanocalorimetry measurements on individual drops of Sn that

showed size-dependent undercooling24,25 in excess of 100 K.

The gradual character of the solidification process explains

the absence of any distinguishing features in the cooling seg-

ments of the calorimeter traces because the temperature oscil-

lations are averaged over the entire area of the sensor.

V. DISCUSSION

The nanocalorimetry and XRD measurements on the Bi,

In, and Sn samples suggest that they have rather different

nucleation behavior. The Bi sample shows significant under-

cooling and solidifies over a narrow temperature range. The

Sn sample, in contrast, starts to solidify at the melting tem-

perature, but the process is stretched out over a broad range

of temperatures. The In sample does not show any under-

cooling, even at cooling rates as fast as 100 K/s. The behav-

ior of the In sample suggests that the energy barrier to

nucleation of the solid phase is very small, i.e., nucleation

occurs heterogeneously, and there is strong catalytic activity

of either the underlying SiNx layer or the AlNx capping

layer. The behavior of the Bi sample is more typical of a

transition that occurs via a classical nucleation and growth

mechanism. The undercooling is necessary to overcome the

nucleation barrier, but once the solidification process starts,

FIG. 8. Heat capacity, scanning rates and XRD intensity as a function of temperature for fast and slow scans on Sn (solid lines: heating, dashed lines: cooling). (a)

and (b) are results for the fast measurement and (c) and (d) for slow measurement. The current (I0, i) used for the fast scan was increased linearly from (20 mA,

20 mA) to (72 mA, 72 mA) and then decreased to (12 mA, 12 mA). The current (I0, i) used for the slow scan was increased linearly from (8 mA, 8 mA) to (71 mA,

71 mA) and then decreased to (5 mA, 5 mA). The AC frequency used was 416.6 Hz for the fast scan and 99.2 Hz for the slow scan. The amplitude of temperature

oscillation at 500 K is 5.9 K for fast scan and 27.7 K for slow scan. The XRD image acquisition time was 0.1 s for fast scan and 2 s for slow scan.
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it progresses quickly. The solidification of the Sn sample

occurs via a similar nucleation and growth mechanism, but

the gradual character of the solidification process suggests

that, in this case, the film consists of individual islands with

a range of sizes and with size-dependent solidification tem-

peratures. Solidification of one island does not imply solidifi-

cation of the entire film, as the islands are isolated from each

other. The result is a solidification process with a

temperature-dependence that is determined by the size distri-

bution of the islands. This explanation is consistent with the

microstructure of sputtered Sn films since Sn films are

known to form discrete islands over a broad range of sputter-

ing conditions26 and the observation that melted Sn does not

wet the SiNx. Figure 9 shows an optical micrograph of a Sn

sample subjected to many melting cycles. The island-

structure of the sample is readily discerned. It should be

noted that the size effect is a kinetic effect distinct from size-

dependent melting point depression because it is observed

only during solidification and not during melting.

Nucleation of a solid phase in a melt is a stochastic pro-

cess. The stochastic nature can be used to obtain information

on the underlying nucleation kinetics by measuring the sta-

tistical fluctuations in the undercooling. When a melt is

cooled down below its melting point, the undercooling at

which solidification occurs typically follows a Poisson distri-

bution and the distribution of undercooling values, typically

over a 10–20 K range,24,27–29 can be used to derive the nucle-

ation rate as a function of temperature.30,31 In the present

case, the Bi and In solidification peaks are highly reproduci-

ble, indicating a more deterministic solidification process.

This deterministic appearance occurs because solidification

of a thin-film sample is not the result of a single nucleation

event, but of a very large number of events. The very large

interface-to-volume ratio of a thin film provides ample op-

portunity for heterogeneous nucleation as confirmed by the

polycrystalline structure of the samples after solidification.

By contrast, many studies of metal undercooling go to great

lengths to minimize nucleation through use of small spheri-

cal samples suspended in vacuum or surrounded by a

flux.24,27–29 Because so many nucleation events occur during

solidification of a thin-film sample, the calorimetry trace can

be regarded as a cumulative superposition of traces obtained

for many individual nucleation events, and analysis of the

shape of the solidification peak should provide information

on nucleation statistics. There are, however, a number of

other factors that influence the shape of this peak including

the temperature uniformity across the sample area and the

temperature oscillations of the AC measurement,15 making

the analysis somewhat involved and beyond the scope of the

present manuscript. A direct comparison of the melting and

the solidification peak may afford insight in nucleation statis-

tics, provided the temperature uniformity is the same on

heating and cooling. In this context, a DC calorimetry mea-

surement would be preferred over an AC measurement

because current oscillations affect the temperature of the

sample differently during melting and solidification under

super-cooled conditions. It is possible, however, to draw

qualitative conclusions based on the calorimetry data pre-

sented above. The nucleation barrier for the In sample is

very small and no undercooling is observed. The solidifica-

tion and melting peaks, in this case, are determined mainly

by the temperature uniformity and the AC oscillations, and

indeed, they have very similar shapes. The Bi sample shows

significant undercooling and analysis of the solidification

peak would provide insight in the statistics of the nucleation

process, at least if the effect of the AC oscillations could be

eliminated. The calorimetry signal for the solidification of

the Sn sample is not strong enough to allow for a meaningful

analysis, but the XRD data combined with a detailed size

distribution could provide information on the size-

dependence of the solidification temperature.

In-situ XRD measurements prove very useful in identi-

fying features in the calorimetry trace such as the melting

and solidification peaks in this work. Once the calorimetry

features have been identified, the associated phase transfor-

mations or solid-state reactions can be investigated as a func-

tion of heating/cooling rate, heat treatment, or even

composition by employing the PnSC combinatorial capabil-

ity. We also note that while an inert helium atmosphere was

employed in this study, the use of reactive gasses could be

used to study solid-gas reactions. The large surface-to-vol-

ume ratio of the thin-film format and the ability to study thin

films over a range of thicknesses will provide very high sen-

sitivity in measurements of surface reactions. The main limi-

tations for in-situ XRD measurements are currently the small

masses of the samples and the very short exposure times—

the scattered intensity is relatively low and requires careful

analysis. This situation can be improved through use of more

intense x-ray beams and faster x-ray detectors.

VI. SUMMARY

Scanning AC nanocalorimetry can be performed on

thin-film samples over a wide range of scanning rates. This

feature makes it possible to combine the calorimetry tech-

nique with in-situ X-ray diffraction measurements, allowing

simultaneous structural and thermal characterization of the

samples as a function of temperature. We have applied the

technique to thin-film samples of Bi, In, and Sn. The meltingFIG. 9. Optical image of Sn sample after many melting cycles.
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and solidification behavior of the samples is readily observed

and our experiments show that the solidification process is

distinctly different in each of the three samples.

Nanocalorimetry and in-situ XRD provide complemen-

tary information on the phase transformations that occur in a

sample. While the application to melting and solidification

of elemental metals is relatively straightforward, we antici-

pate that the technique will be most useful in the analysis of

complex materials systems, where identification of features

in the calorimetry trace is often not a trivial exercise.

Combining XRD and nanocalorimetry experiments provides

unprecedented capability for studying the kinetics of phase

transformations or solid-state reactions and the evolution of

intermediate phases.
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APPENDIX: DERIVATION OF EQUATIONS FOR THE
u1 AND C

Dividing Eq. (2c) by Eq. (2b) and rearranging leads to

sin2u1 þ n sin u1 cos u1 þ
1

4
sin2u2 þ

1

4
n sin u2 cos u2 ¼ 0;

(A1)

where n is defined by Eq. (4). Since u1 and u2 are in the

same quadrant, Eq. (3) implies that

sin u2 ¼
2 sin u1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 3 sin 2u1

p ; (A2)

cos u2 ¼
cos u1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 3 sin 2u1

p : (A3)

Substituting (A2) and (A3) into (A1) yields

sin 2u1 þ n sin u1cos u1 þ
sin 2u1

1þ 3 sin 2u1

þ 1

2
n

sin u1cos u1

1þ 3 sin 2u1

¼ 0: (A4)

Dividing this equation by sin u1cos u1 yields

tan u1 þ nþ tan u1

1þ 3 sin2u1

þ 1

2

n

1þ 3 sin2u1

¼ 0: (A5)

Substituting the relationship

sin 2u1 ¼
tan2u1

1þ tan2u1

(A6)

into (11) finally leads to Eq. (4) presented in the manuscript.

According to the theorem of third order polynomials,

Eq. (4) has only one real root uniquely defining the value of

tan u1. The value of tan u2 can be calculated using Eq. (3).

From Eq. (2), it follows further that

jV2xj2 ¼ X2
2x þ Y2

2x

¼ i2I0R2
0k

Cx

� �2

sin 2u1 þ
1

16
sin2u2 þ

1

2
sin u1sin u2

�
� cos u1cos u2 þ sin u1 sin u2Þð �: (A7)

Substituting (A2), (A3), and (A6) into (A7) leads to

jV2xj2 ¼
i2I0R2

0k
Cx

� �2
tan2u1

1þ tan2u1

9þ 25 tan2u1

4þ 16 tan2u1

 !
; (A8)

which finally leads to Eq. (6).
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