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ABSTRACT 

 

 This thesis is an experimental work on the thermal properties of indium nanoparticles and 

the interaction characteristics between gold and silicon using nanocalorimetry technique. 

The melting behaviors of indium thin films have been investigated. The films consist of 

ensembles of nanoparticles whose melting temperatures are size-dependent. We experimentally 

determine the relationship between a nanoparticle’s radius and its melting point by combining 

the caloric results with nanoparticle size distributions from TEM. The results show a linear 

melting point depression. Moreover, we found the discrete nature of nanoparticles during the 

early stage of thin film growth ⎯ the measured heat capacity values show several maxima at 

certain temperatures which suggest preferred states exist among supported nanoparticles. These 

maxima are related to each other by increments of one monolayer of indium atoms which can be 

extended from the magic numbers observed previously in cluster beams. 

 For the first time, the nanocalorimetry is utilized to characterize thin film growth in real-

time.  The technique generates 3-dimensional heat capacity data as a function of temperature and 

thickness that show the continuous change during deposition.  The measurement interval is 

~4×10-3 nm in thickness, increment of the heat capacity is ~30pJ/K, and the temperature 

resolution is better than 0.5K. 
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 The silicide study focuses on phase formation in Au-Si thin films. The unique finding is 

to determine the melting temperature of metastable phase using calorimetry, which is ~60 oC 

below the eutectic melting point (363oC). The heat of fusion (26.4 kJ/mol) of the metastable 

phase has also been obtained. The metastable phase is analyzed to be an orthorhombic structure 

(a=0.92, b=0.72, c=1.35 nm) by double tilting experiment with stereographic projection method 

(ex-situ TEM). The composition is proposed to be Au3Si from EDAX. The real-time experiment 

shows the melting point depression of eutectic and competitive growth between eutectic and 

Au3Si phase. The composition of the film (i.e., gold-rich  or silicon-rich) determines the formed 

phase. Rapid cooling experiments reveal that eutectic is suppercooled down to much lower 

temperatures (~135 oC) than the Au3Si phase (~275 oC).  
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CHAPTER 1 

 

INTRODUCTION 

 

This thesis presents a study of a material investigation: the properties of indium 

nanoparticles and the interaction characteristics between the gold and silicide.  The main 

experimental method ⎯ nanocalorimetry ⎯ is based on the unique ultra thin membrane sensor 

device and is discussed in Chapter 2.  Chapter 3 describes the experiments on thermal properties 

of indium nanoparticles ⎯ the sized dependent melting point and latent heat of fusion 

depression.  Chapter 4 discusses the discrete nature of annealed indium nanoparticles, which is 

an extension of “magic number” phenomenon.  Chapter 5 is on real-time nanocalorimetry and 

using indium as an example to observe early stage thin film growth.  Chapter 6 is the first real-

time in-situ investigation on gold silicide formation during the thin film deposition, and the first 

qualitatively study on (rapid) cooling characteristics of the gold silicide sample.  Finally, in 

Chapter 7, a summary and expectation on nanocalorimetry is briefly presented. 

 

1.1 Small materials  

 Thermodynamic properties of material at the nanometer scale are current of interest 

because of the basic science issues and potential applications [1].  However, unlike bulk 

materials, fundamental understandings on small systems are still far from complete. 

 The size dependent phenomena are the result of surfaces or interfaces, which is usually 

negligible when materials are in the bulk form.  For instance, in a spherical particle with a 

diameter of 2nm, about 40% of the atoms are on the surface.  When atoms are on the surfaces, 
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their bonding and energy characteristics are much different from the atoms in the interior.  This 

difference profoundly changes the material behaviors as compared to the bulk material having 

large dimensions. 

 Classical thermodynamics treatment generally incorporates the influence of the surface 

atoms on the whole physical object by introducing a surface term in system free energy [2].  

Assuming a spherical crystal contains N atoms and the surface energy (γ) is isotropic, at constant 

pressure and temperature, the free energy of the system is: 

γAGG bulk +=       (1.1) 

where bulkG  is the Gibbs free energy of the bulk and A is the surface area, respectively.  Then, 

the chemical potential of the whole system can be written as: 

γνµµ
rN

G bulk

PT

0

,

3
+=⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

=      (1.2) 

where ν0 is the atomic volume and r is the radius.  For small systems, the surface term ( γν
r

03 ) is 

not negligible.  This contribution will drive the small system away from well-characterized bulk 

status. 

 

1.2 Silicides 

 Silicides are fundamental research interests because of the irresistible propelling force 

from advancing silicon industries.  On the other hand, silicides are also very practical 

engineering problem connected to applications [3].  

 Au-Si has become a traditional model system for such investigations over fifty years.  

Gold is a noble metal.  It has excellent electrical, thermal conductivity, and oxidation resistant 

properties [4].  In equilibrium, gold and silicon are almost immiscible to each other.  They form 
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eutectic at 363 oC and the eutectic composition is 18.6 at.% silicon.  The application of gold in 

silicon technology on the device level is quite limited because gold diffuses into silicon and 

segregates that will shunt transistors or drastically reduces the minority carrier lifetime.  

However, it does have technological applications in packaging applications due to its low 

eutectic temperature characteristics. The low eutectic temperature has also been utilized to form 

Si nanowires from vapor using Au nanodots [5].  There is also exciting research currently on the 

fabrication of Au nanowires on Si [6].  

 Metastable silicides have been observed for quite long time and can be obtained by 

several methods including quenching liquid alloy (103 ~106 K/s), ion mixing, vapor deposition or 

annealing amorphous Au-Si above transition temperatures [7].  Major efforts have been put into 

interpreting electron and X-ray diffraction data generated from these metastable phases.  

However, gold silicides are still not clearly understood.  Numerous metastable phases have been 

reported, in several cases even under similar experimental condition [7].  Hultman et. al. [8] 

suggested that all the reported gold silicide can be related to one single phase.  They suggested a 

cubic crystal with lattice parameter of 2.24 nm and the composition is estimated to be Au4Si.  

Although their suggested metastable phase can explain many of diffraction patterns among the 

different research groups, the fact is that important low index diffraction patterns are not 

available to clarify the situation. 

All these suggest that more careful work should be done on this system.  New 

experimental techniques such as nanocalorimetry are now available to characterize additional 

properties of the system and hopefully provide more information to understand what is really 

going on in this model system. 
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1.3 Challenges 

 While it is safe to attribute size dependent phenomena to the role of surface or interface, 

the real situation in experiments for growing and characterizing nano-scale material is not so 

simple.  For example, some constants that have been well characterized for the bulk materials 

(e.g., surface energy, crystal structure) may not be suitable for small materials; the surface 

phenomenon may be related with different crystalline orientations, etc.  The truth is rather 

complex when a system scales down to several nanometers where classical behaviors become 

less dominant and quantum effects show up [1, 9]. 

 From experimental viewpoint, a system dealing with surface effects requires more careful 

control in sample preparation and characterization.  Contamination may compromise the results, 

or, even cover the truth.  I do believe that most of the experimental observations reflect the 

nature of something, but unfortunately, not all of them are complete enough for people to explore 

the nature of the nature, since some important parameters may have been ignored or not available 

for tracking the experiment.  The breakthrough in silicon device technology is a good example: it 

doesn’t work until people finally can control the surface and impurity [10]. 

Small material analyses also challenge modern analytical techniques.  That is the reason 

for the constant need for improvements in this area.  For instance, the Charge Coupled Device 

(CCD) has been equipped in recent Transmission Electron Microscopes (TEM).  In an old 

fashion way, it can be an art even for experienced operators to capture a high quality image 

because of the difficulty in fine stigma adjustment by human eyes. Nowadays, it is easy and 

convenient to take a TEM picture with the CCD camera and to control the stigma through a real-

time live Fast Fourier Transformation (FFT) analysis.  Experimental tools like TEM, AFM 

(Atomic Force Microscope), and STM (Scanning Tunneling Microscope) also extend our vision 
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down to atomic level.  However, one has to be careful when applying localized observation to 

the whole picture.  Also, one has to aware that artificial effects may attenuate our observations, 

for examples, energetic electron beam influence to the nanoparticles that has been recently 

realized in TEM; and contamination or contamination related decomposition in some samples.  

For the same reason, one has to understand what an instrument could do and what is the 

equipment limit.  In this sense, studies dealing with surface, interface and ultra thin films can be 

difficult and usually more costly. 

 Unlike microscopy, calorimetry, the primary technique for studying material 

transformations, has experienced “little” improvement because the thermal mass of the 

calorimeter sensor can not be scaled down correspondingly in order to measure very small mount 

of heat [11, 12].  The current Differential Scanning Calorimetry (DSC) typically has a sensitivity 

of 50 ~ 500 mJ/cm2, which is orders too rough to sense the nanometer sized systems where heat 

exchange is only in nano Joule range.  Although people can construct multilayer structures to 

investigate the interface phenomena, or embed the small particles in a matrix in a bulk sample 

(e.g. Au nanoparticles in SiO2) in order to effectively increase the sample volume.  However, 

most surface and early stage thin film studies can not use such an approach.  The situation has to 

be changed by new inventions. 

Nanocalorimetry is a recent technique to scratch the itch [13].  Its working principle is 

very simple, just like the transient that Tomas Edison turned on his first light bulb one hundred 

years ago ⎯ the Joule heat quickly elevates system temperature (several thousands degree per 

second) and heating characteristics can reflect the small material change.  

The realization of the nanocalorimetry relies on two engineering advances: (1) the 

MEMS (Micro Electronic Mechanical System) technique allowing fabrication of membrane 
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sensors, and (2) fast digitizing technique for signal measurement.  The membrane sensors consist 

of only two layers (one silicon nitride layer for support and a patterned metal layer as both micro 

heater and resistive thermometer) which are less than 100nm thick and thus have extremely low 

thermal mass.  Fast digitizers can record small material changes in a short time period (usually 

several milliseconds).  

The work presented in this thesis uses nanocalorimetry technique to study small 

materials.  During the thesis work, nanocalorimeter sensor, sensor fabrication, calibration, 

sample stage and electronic system for nanocalorimetry have been improved.  More recently, a 

new ADC system has been employed with much lower noise; and an automated control system 

has been constantly updated allowing more reproducible measurements. 
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CHAPTER 2 

 
NANOCALORIMETRY 

 

2.1 Introduction 

Calorimetry is a powerful experimental tool to measure the heat.  The 

measurement allows access to those highly theoretical quantities, like entropy (S) and 

enthalpy (H), and through these to free energy (G).  Based on experimentation with the 

heat, thermodynamic was established as an all-encompassing theory of the nature. 

There have been various idealized theories in calorimetry as well as widespread 

application and treatment in history [1]. They are usually classified in terms of the 

operation method, i.e., isothermal, isoperibol, adiabatic, scanning, etc.  Commercial 

calorimeter systems like Perkin Elmer differential scanning calorimeter (DSC) have been 

available in many research laboratories as a standard experimental tool.  The techniques 

have been continuously updated for several generations in the last twenty years due to the 

advances in related areas: data acquisition, digital signal processing and electronics.  

Calorimeters have been successfully used in measuring the enthalpy of reactions and 

phase transitions.  

Surfaces and nano materials are the current research frontier.  Thermal properties 

of small systems become important [2].  Unfortunately, few experimental methods can 

provide such information.  Traditional calorimetry is not sensitive enough in this case 

because the available sample is of several orders too small (nanograms vs. milligrams).  

Simply adding more samples doesn’t help or becomes impractical because small features 

might interact if they overlap each other.  The inherent limit is due to the thermal mass in 
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the conventional calorimeter sensor ⎯ any extremely small signal will be masked by the 

noise contribution from the calorimeter apparatus. 

Lai and Allen [3] first introduced the nanocalorimetry approach to solve this 

problem.  Based on their work, the following sections in this chapter will concentrate on 

(1) basic principle and operation of the nanocalorimetry, (2) membrane sensor 

fabrication, (3) TEM nanocalorimeter, and (4) several problems and discussion. 

 

2.2 Basic principle and operation of nanocalorimetry 

 A calorimeter is a device that thermally isolates a sample, puts in heat ∆Q, and 

measures the resulting temperature change ∆T by a thermometer.  The elements of the 

device are (1) sample holder, (2) heater, and (3) thermometer.  For an adiabatic 

calorimeter where there is no heat loss, ∆Q/∆T yields the heat capacity (Cp) of the 

sample plus the holder, thermometer, and heater (so called addenda).  The sample heat 

capacity is inferred by subtracting addendaCp  that can be measured either before or 

afterwards with no sample present. 

addendaaddendasamplesample CpCpCp −= +     (2.1) 

Practically, any heat capacity measurement has experimental uncertainty, 

addendasampleaddendasampleaddendasample CpCpCp +++ ∆±=   (2.2a) 

addendaaddendaaddenda CpCpCp ∆±=     (2.2b) 

thus, 

addendaaddendasamplesample CpCpCp −= +     (2.3a) 

addendaaddendasamplesample CpCpCp ∆+∆=∆ +    (2.3b) 
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When CpCp ∆<< , the result becomes untrustable.  This is exact the case using 

traditional calorimetry to study small material systems where the noise is of orders larger 

than the signal.  Simply improvement from electronic system and signal processing does 

not basically change the situation because this type of experimental uncertainty is often 

connected with how big the total signal is.  Thus, to reduce the thermal mass of a 

calorimeter sensor becomes the central idea for the invention of nanocalorimeters. 

 A nanocalorimeter sensor follows the tradition concepts.  The whole sensor is 

fabricated on an ultra thin membrane. addendaCp  is extremely small in this approach.  

Correspondingly, a much smaller experimental uncertainty is expected. A typical 

addendaCp  value is ~102 nJ/K and Cp∆ approaches to ~10-1 nJ/K, respectively.  This makes 

the thermal analyses on submonolayer thick materials possible. 

 Figure 2-1 is an example of the planar and cross-sectional configurations of a 

typical calorimetric sensor developed during this work.  The sensor consists a 35~50 nm 

thick amorphous silicon nitride membrane supported on a silicon frame.  The membrane 

window size is about 3 mm × 7 mm.  A patterned metal strip is deposited on the front 

side of the membrane.  The strip is usually 50 nm thick and 500 µm wide.  It serves as 

both a resistive heater and a resistive thermometer for the measurement. Two voltage 

senses are formed on the membrane as a part of the patterned metallization layer in order 

to measure voltage across the working part of heater placed on top of the membrane. The 

metallization patterns include four contact pads on the silicon frame, electrically 

connected with the metal strip and the senses, which are the terminals for electrical 

contacts. 
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 The region of the heater situated between the voltage senses and the part of 

membrane beneath it form a calorimetric cell.  Samples can be loaded onto either side of 

the sensor cell (nitride or metallization side), except for conductive materials, which are 

able to change the electrical properties of the metal strip, therefore should be placed only 

on the nitride side of the cell. 

 The calorimetric scan is initiated by applying a short (milliseconds) dc electrical 

current (tens of milliamperes) through the metal strip.  The calorimetric cell heats up by 

Joule heating, while the part of the strip placed on the silicon frame remains cold due to 

the high heat capacity of the silicon frame (in comparison with the nitride membrane).  

The current I through the sensor and the voltage V across it (typically a few volts) are 

measured as functions of time t.  The resistance of the sensing area of the heater can be 

calculated as 
)(
)()(

tI
tVtR =  and the electrical power generated in the calorimetric cell is 

)()()( tItVtP ×= .  The R(t) function is used to calculate the temperature T(t) of the 

sensing part of the metal strip.  To do this, the resistance of the nanocalorimeter sensor is 

calibrated against the temperature in a high vacuum three-zone tube furnace before hand. 

 To obtain a sensor with a stable electrical response, a two-step annealing 

procedure is performed before calibration.  First, sensors are annealed in vacuum of ~10-6 

Pa at typically 450 ºC for 8 h. The temperature of annealing should be increased if 

calorimetric data above 350 ºC to 400 ºC are desired.  Note higher annealing 

temperatures can lead to an increase in the electrical resistance of sensors, so compromise 

has to be made.  Second, sensors are “burned-in” under the same vacuum conditions 

using a dc electrical pulse to heat the sensor to a temperature higher that needed for the 

actual measurement.  Usually several thousand pulses are used to burn in and stabilize 
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each sensor until the drift characters of the sensor are within the accepted ranges. 

Calibrated sensors with Al, Ni or Pt metallizations can be kept in air at least for several 

months without noticeable degradation of their electrical characteristics.  Immediately 

before a calorimetric experiment, the burning-in process is repeated to ensure the quality 

of the measurement.  

 Under adiabatic conditions, the heat capacity CP of a calorimetric cell (bare or 

with a sample on it) can be calculated by:  

dttRdT
tItV

tdT
dttP

tdT
tdQtCP /)]([

)()(
)(

)(
)(
)()( ×

===    (2.4) 

since all the generated heat is consumed to increase the temperature of the cell. 

Practically to achieve nearly adiabatic conditions, the heating rate for a sensor should be 

much faster than the cooling rate.  In vacuum better than 10-2 Pa, where convection is 

negligible, the main mechanisms of heat loss are (1) heat conduction through the silicon 

nitride membrane and the metallization layer, and (2) infrared emission.  Typical cooling 

rates at a temperature range of 100 ~ 300 ºC are ~ 103 K/s, so heating rates of tens of 103 

K/s or higher are mandatory for the measurements in near adiabatic mode. 

 To use the advantages of a differential measurement, two identical sensors are 

employed in one pair: a sample sensor that can contain the interested material, and a 

reference sensor, with no added material. DC current pulses through the sensors are 

precisely synchronized.  Five electrical measurements are taken simultaneously in the 

differential scheme: currents through sample and reference sensors IS and IR, respectively; 

voltages across sample and reference sensors VS and VR, respectively; and the differential 

signal ∆V, which reflects the difference between the two sensors due to the presence of 

the sample. The principle circuitry in the differential measurement is shown in Figure 2-
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2. The sampling rate for these electrical measurements is typically 100 kHz, which 

corresponds to a temperature resolution of ~0.3 K/sample at a heating rate of 30,000 

K/sec. 

 For a nanocalorimetry experiment, heat capacity can be calculated using Equation 

(2.4). However, special methods in data processing have to be taken in order to suppress 

the noise, and corrections have to be made for the measurement [4]. 

 

2.3 MEMS sensor fabrication 

 Sensor fabrication is the first important step in nanocalorimetry. The quality of 

the fabricated sensors not only influences all the later steps in nanocalorimetry operation, 

but also determines the type of work that can be performed. Therefore, great care has to 

be taken. One mistake can make all of the other efforts useless. 

Usually, the calorimetric sensor is designed to be a small device produced in 

batches. It can be treated as a one-use, disposable item, depending on the nature of 

experimental interests. Up to 39 sensors are made in one 3-inch wafer. More than 12 

wafers can be processed in one batch. The whole fabrication time is around one week. 

 Processing facility is essentially important for the work. Besides expensive capital 

equipment involved, experienced technique support and custom modified accessory parts 

are often of necessary to insure the yield and quality of the processing. During this work, 

all the nanocalorimeter sensors are fabricated at Cornell Nanofabrication Facility, the 

national MEMS developing center at Cornell University. Although fabrication uses 

standard MEMS techniques and the designed smallest feature is well above the 

processing limit (5µm), patterning on such big size window (3mm×7mm) and so thin 
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membrane (30~50nm thick) is quite unique in the world. Special details have to be 

polished. 

Schematic cross sections of the wafer at each steps of the fabrication process are 

presented in Figure 2-3.  Details are described as follows: 

(0) The original wafers are (100) oriented silicon. The resistivity is >1 Ω-cm. Wafers 

are double side polished because photolithography is to be done on both sides. 

Wafer thickness is usually about 250 µm, which will influence required time for 

wet silicon etching and mechanical strength of the sensor. 

(1) Low stress silicon nitride membranes are coated on both sides of the wafers using 

an LPCVD process. The nitride layer is under tensile stress (150~200 M Pa). It is 

high-density, silicon rich, amorphous membrane with reflection index around 2.2. 

Membrane is fabricated at ~800 oC and post annealed at 500 oC for several hours. 

The thickness of the nitride membrane is about 35 nm in this work. We do not 

grow nitride by ourselves because it is a very complex process and need special 

experienced people to work with. Both sides of the wafer are identical, and free of 

damage. In the following several steps, special care has to be taken to protect the 

membrane surfaces. Teflon coated tweezers with soft surfaces are used to handle 

these wafers. 

(2) On the front-side of the wafer (where finally the sensor is), Front Side Coating 

(FSC) is spin coated to prevent scratching the nitride membrane during backside 

lithography operations. FSC is a dark blue color photoresist (PR) with primer 

chemicals and need to be baked. Oven bake is employed at 90 oC for 1 hour in 
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stead of regular soft bake on hotplates to protect the bottom side nitride from 

scratching. 

(3) On the backside, rectangular areas (for opening windows) are patterned using 

optical lithography. MicroPrime P-20 primer and Shipley 1813 general-purpose 

broad band (365 nm ~ 436 nm) positive photoresist are used for spin coating.  The 

obtained photoresist layer is about 1µm thick. PR is post baked at 110 oC for 1 

min on a hotplate. No vacuum is applied during the bake because the FSC 

protection layer can be damaged. A 5x g-line (436 nm) stepper (GCA-6300B) is 

used for pattern transfer.  

(4) After developing, the exposed part of the nitride layer is etched away by reactive 

ion etching (RIE) using CF4. The etching rate is about 40~50nm/min and 

selectivity between nitride and remained photoresist is about 1:1.  Any damage to 

the unexposed PR and FSC, like scratches from handling the wafer, can open the 

under nitride membrane surface to the RIE.  The damage can be further magnified 

in the following wet etching step.  This will not only weaken the wafer for later 

processing but also make the second pattern transfer more difficult.  To solve the 

problem before hand, wafer patterns are carefully examined. Additional PR is 

painted to cover all the damaged areas. After RIE, both front and back side 

coatings are striped out by solvent washing (acetone and 2-propanol, or warm (60 

oC) 1165 solvent). Occasionally, there are polymerized PR residues from RIE 

process. They form spots on the surfaces. These residues have to be thoroughly 

removed by either oxygen plasma or chemical PR striper. The finished surfaces at 

the end of this step are mirror like. 
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(5) The patterned silicon nitride membranes are the masks for silicon removing in this 

step. The wafer is etched in a 30~35 wt.% KOH solution at ~80 °C to remove 

silicon exposed in the previous step.  The etching rate under such conditions is 

about 1 µm/min.  KOH has a high selectivity for silicon over silicon nitride.  It 

also etches silicon anisotropically, with a (100):(111) etch ratio of ~400:1 [5].  

The resulting structure is a very thin nitride membrane on the front side of wafer, 

supported by the silicon frame.  Wafers must be oriented vertically in the liquid 

solution, as vigorous bubbling can rupture the membranes. The end of the etching 

process is marked by the cessation of massive bubbling action. 

(6) After washing in warm (65 ºC) and then room temperature (25 ºC) water, the 

wafer is then isotropically etched in a solution of 450 mL HNO3 : 225 mL H2O : 3 

mL HF for 5 min.  This chemical is poly-silicon etchant and is used to remove 

microscopic residual silicon pyramids with (111)-terminated facets. At the same 

time, it also attacks silicon nitride at about 0.5 to 1 nm/min.  This etch step can be 

prolonged to thin down nitride membranes. Since wafers have extremely fragile 

nitride windows in this and subsequent steps, great care is required in the handling 

of wafers, especially during washing and drying. Only gentle flows of solvents 

and dry air/nitrogen at small angles to the wafer surface should be used. 

(7) On the front side of the wafer, photoresist is spin coated on top of the nitride 

membrane. The procedure is similar to that in step 4, but slightly different: 

photoresist covers all the area that needs to be patterned before spinning.  Special 

care should be taken near the edge and near the broken windows: not to let PR get 

under to the backside of the wafer. Since the wafer contains large thin membrane 
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window arrays, vacuum should not be applied all the time. In stead, a custom-

machined chuck is used. The wafer is kept against the inside edges of the chuck 

during spinning. The wafer has to experience a deceleration stage before stop. The 

post bake is also similar to that in step 4. 

(8) Patterns are transferred on to the front side of the wafer with nitride membranes. 

To align the features on both sides, special marks are prepared in step 4. They are 

now small through holes that can be captured by the stepper camera. Small pieces 

of removable tape have been used to fix the wafer position after alignment, since 

stepper moves wafer for exposure and no vacuum is allowed. 

(9) An ammonia diffusion process in a YES LP-III vacuum oven followed flood 

exposure is used to reverse the tone of the patterned image and to generate an 

undercut profile for successful lift-off. Wafers are developed and thoroughly 

washed. Usually, three or more steps of developing followed by quick water 

washing are suggested to keep the chemical fresh and to limit the dissolved PR 

concentration. Multiple washing is of necessary to remove the possible residues. 

The opened surfaces are for metallization. The property of the final metal layers 

will influence the performance of the calorimeters. Therefore, the finished wafer 

should be clean and uniform in color with no observable residue especially in the 

region where it last dries.   

(10) After developing, the metal layer is deposited onto the wafer using thermal or 

electron beam evaporation. The thickness of the layer is typically ~50 nm. 

Deposition of a thin (~3 nm) layer of titanium before the main metallization is 

helpful to promote adhesion to the nitride surface. Lift-off is performed using 
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acetone as a main solvent. At the end of this process, one has to make sure that all 

the small features have been lifted off. To ensure high quality sensors, care should 

be taken to completely remove all photoresist residues and the lifted-off metal 

pieces. Repeatedly 2-propanol and deionized water wash is highly suggested. 

Deionized water dissolves 2-propanol helping to remove small pieces attached to 

the sensors. Surface tension keeps these small pieces on the surface of water that 

is convenient to separate. 

(11) Individual sensors are cleaved from the wafer manually.  Narrow lines etched into 

the wafer in step 4 help the accuracy of the cleaving.  To clean the surface and 

remove dusts during the wafer cleaving, each nanocalorimeter sensor is washed 

separately before use in sequential baths of acetone, 2-propanol, demonized 

water, and 2-propanol. 

The nanocalorimetry sensor fabrication is quite a long process.  Each step has its 

own details.  The fabrication process can be summarized as follows: 1) to use PR as a 

mask to etch silicon nitride; 2) to used nitride as a mask to etch silicon; 3) to pattern 

metal layer.  

Before the KOH etching, one has to protect the membrane surface carefully, 

otherwise, damaged silicon wafer is more challenge and adds more uncertainty to the 

operation.  After KOH etching, how to clean the exposed surface becomes then critical. 

Residues may degrade the metal layer functions, attenuate caloric results, or contaminate 

the surface where the sample loads.  

A nanocalorimeter sensor will experience fabrication, anneal, calibration, 

calorimetric measurement and several complementary experiments.  Good quality sensors 
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can go through all of these steps with repeatable results, while potential problem sensors 

can break, or generate quite scattered data that makes the analyses complex. 

Sensor fabrication is very important. 

 

2.4 TEM nanocalorimeter 

Nanocalorimeter is a powerful tool for characterizing small materials.  The 

obtained  information is essentially important, but still only a partial picture to solve the 

puzzle.  More information from other experimental techniques is often of necessary to 

obtain the whole picture.  This is true especially in current nanocalorimetry studies where 

both the phenomenon and the technique itself need to be further understood. 

As a MEMS sensor, nanocalorimeter has advantages to combine with standard 

modern analytical techniques.  For example, nanocalorimetry can provide thermal 

information of very small systems, while TEM is able to image very small features and 

do microstructure analyses.  Combining these two techniques will dramatically change 

the situation in current researches.  Just like that in bulk material investigations, using 

calorimetry to study the reactions or phase changes, and through X ray results to get 

crystalline information, nanocalorimetry plus TEM will enable similar researches on the 

nanometer scale where few experimental methods are available.  

The silicon nitride membrane used in this thesis work is 35~50 nm thick.  Such 

thin film is transparent to the electron beams.  The RMS roughness of the membrane is 

only 0.4 nm.  Both silicon and nitrogen are light atoms.  Background under the TEM is 

bright and uniform.  It is therefore possible to achieve atomic resolution (see Figure 2-4). 
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In previous aluminum and tin experiments by Lai and Allen [6, 7], in-situ 

calorimetric measurements were first carried out. Nanocalorimeter sensors were taken out 

of the vacuum chamber, and then transfer on to a copper grid before TEM operation.  The 

process is complex and rather difficult to handle.  A piece of Kimberly paper was cut to 

nitride window size and placed on a glass slide.  Deionized water was used to wet this 

paper. A copper grid was added on top.  Then the calorimeter sensor was carefully placed 

on top of the copper grid with the sample area aligned to it.  Once the membrane touches 

the wet surface, it breaks and will be sucked to the wet surface. However, this process is 

not very controllable.  Membranes are often break before it attaching to the copper grid.  

The broken pieces naturally curl up.  Finding an observable area where samples do not 

overlap becomes difficult.  Therefore, in those old experiments, the sample area was 

usually wider than the nanocalorimeter heater to increase the chance for TEM imaging.  

This comprise adds 15~20 % of the uncertainty to the measurement because how far 

away small pieces of the sample to the heater will contribute to the nanocalorimetry is 

unknown.  Moreover, the operation increases the possibility of contamination. 

To solve the problem, TEM nanocalorimeters are first introduced during this work 

[8].  The schematic of the sensor has been shown in previous section (see Figure 2-1). 

TEM nanocalorimeters have many advantages. (1) The sensor can directly fit into TEM 

without further preparation, which means less contamination to the sample. (2) It is safe 

and convenient to handle, thus saves the time and sensors for the experimental load. (3) It 

provides a flat surface for TEM plane view observation in stead of a possible tilted 

sample due to curled membranes. (4) The sample is confined within the heater width by a 
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shadow mask with a special notch for TEM observation that is only ~2% of total sample. 

(5) It is totally compatible with old generation nanocalorimeters [9]. 

Since the dimension of the new nanocalorimeter is physically limited by available 

space in side of the TEM, the sensor design has to have more considerations. 

For a Philips CM12 microscope, the tip of a single tilt stage can be machined to 

receive a rectangular sample with a maximum width of 5mm.  The more recent ones, 

JOEL 2010 series microscopes, however, are more flexible for samples up to 10mm or 

wider.  The new microscope was not available when I did the design work, but it is good 

to make our sensor compatible to both of them.  The TEM nanocalorimeters used in this 

work is 4.3 mm wide, while the length of the sensor is 11.2 mm.  The membrane window 

is 2.3 mm by 7.8 mm.  The metal strip (heater) is 0.5 mm wide and placed in the center of 

the window. The distance between the edge of the heater and the silicon frame is 0.9 mm, 

which is the same as nanocalorimeters used in Lai’s work.  This value (0.9 mm) probably 

is too big based on several experimental estimations from the heat-influenced regions.  

More works on both simulation and experimental observation have to be done in order to 

improve the situation. Such information, however, is not covered in this work.  

The masks used to fabricate TEM nanocalorimeters are shown in Figure 2-5.  On 

the window mask, the main rectangular features are for opening the silicon nitride 

window.  The size of the rectangular should be slightly bigger than the actual nitride 

window by: 

  θtan2 ××= td      (2.5) 

where d is the additional length that should be considered due to the anisotropy in silicon 

etch, t is the wafer thickness (250 µm in this work) and θ is the angle between silicon 
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(100) and (111) plane (54.73 o), respectively.  The small square is for aligning patterns on 

both sides of the wafer. 

Quite different from previous nanocalorimetry work.  Special features that help 

wafer cleaving have been made on the mask.  These features are critical for obtaining 

individual TEM nanocalorimeter sensors.  The feature on the mask consists of two 

aligned lines: one is 7mm long and 0.175 mm wide; the other is 5mm long and 0.375 mm 

wide right on top.  Due to the anisotropy characters of silicon wet etch, the 0.375 mm line 

will just etch through after KOH processing and 0.175 mm line will stop in the half way.  

The wet etching process removes outside corner faster than regular features, thus the final 

result is a line with smooth transition regions and sharp ends.  

There are three sensors on the mask.  They are exposed at the same time during 

pattern transfer.  This is so-called one die in lithography.  Totally seventeen dies can be 

transferred in one 3-inch wafer, but only thirteen dies are used in this work because the 

four dies on the edges of the wafer will weak the silicon frame, add difficulty in handling 

the wafer, and increase the chance of failure.  The cleaving lines are overlapped between 

the dies so that thirty-nine identical sensors are arranged in the center of the wafer. 

On the metallization mask, marks have been made for the convenience of finding 

cleaving line positions. Also, there is a special 100×100 µm2 square that can be used as 

alignment mark, or the standard area for diffraction calibration.  

 Figure 2-6 is an example of a nanocalorimeter sensor loaded in a JOEL 2010 

TEM single tilt stage.  The tip holder is made of aluminum.  The nanocalorimeter sensor 

slides into the holder and is clipped by a spring finger made from beryllium copper. 
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2.5 Several problems and discussion 

 Nanocalorimetry is still a new technique, with a lot of points not well understood 

yet.  Main theory, sensor design, calibration, operation and thermal analyses have been 

summarized elsewhere [4, 10]. However, there are several interested phenomena that 

have been observed in recent experiments. 

 Nanocalorimeter is a unique MEMS sensor that relies on material property, i.e., 

the patterned metal strip is used as a resistive temperature sensor.  The temperature 

coefficient of resistance (TCR) influences the sensitivity of the measurement.  The TCR 

coefficient of the sensor is usually about 30~80% of the bulk, depending on the metals, 

batches, adhesion layers and the annealing history.  High temperature evaporated metals 

are worse than low temperature ones.  Such results imply that contamination during the 

metallization may be the main issue in this case.  A comparison experiment has been 

carried out using aluminum as metallization layer in a clean chamber with better base 

pressure (10–8 torr). No adhesive layer was used and the deposition was done at ~2nm/s.  

The TCR of sensor is then very close to the bulk value.  Impurities in the metal layer also 

increase the noise in electrical measurement.  To further improve the nanocalorimetry 

measurement, a better metallization is of necessary. 

 In all of the nanocalorimetry observations, there are small extraneous signals at 

specific temperature ranges. This extraneous signal can attenuate the caloric results at 

nearby temperature. Typically platinum sensors have this effect at ~ 220 oC; 320 oC for 

aluminum and >500 oC for gold sensors. It depends more on the metallization rather than 

the batch of the sensor.  A simple explanation is impurity phase transformation since 

most of the sensor has an adhesion layer and interface of the metallization is complex.  
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Pure aluminum sensors, however, behave the same as aluminum sensors with the 

titanium adhesion layer.  Moreover, the effect shifts to lower temperature when the 

sensor is cooled, while the melting temperature should not be sensitive to the initial status 

of the sensor (indium and tin experiments for examples). Therefore, the phase transition 

probably is not the reason, or, at least not the main reason for such observations.  

On the other hand, soft materials (aluminum and gold) tend to have this influence 

at higher temperatures than hard materials like platinum. Then, the stress on the 

membrane sensor becomes more suspicious.  It has been known that tradition thin film 

resistive temperature sensors suffer from poor reproducibility caused by sensitivity to 

strain that inevitably accompanies sensitivity to temperature.  Nanocalorimeters are 

membrane devices based on thin nitride and patterned metal layers.  Both layers can 

easily deform to release the stress. In such cases, reproducibility is not the problem, 

which can be proved from regular drift tests. However, it is still reasonable to assume that 

stress is the cause of this small extraneous effect, since the difference in thermal 

expansion coefficients is not small and the temperature change is large. If this is true, 

there probably has no good solution to solve the problem. To compromise, one can select 

different sensor metallizations for different research interests.  

 Shunting is another problem occurred during the nanocalorimeter sensor 

calibration, where sensor resistance is measured using the four-point method at elevated 

temperatures.  However, the resistance between the metal layer and silicon frame is not 

infinite.  Equivalently the sensor and the silicon frame are measured in parallel.  Thus the 

measured resistance is smaller than the true sensor resistance.  The influence is not 

obvious at room temperature, but will shunt the sensor when the silicon becomes 
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conductive at elevated temperatures.  One possible reason is that the metal layer touches 

the silicon frame edges during the wafer cleaving because metal thin films are usually 

more ductile than silicon. This explanation is rejected by more accurate cleaving 

technique introduced in this work, i.e., all the metal patterns are physically isolated from 

the edge of the sensor.  The situation is not improved.  Another explanation attributes the 

shunting effect to the pin-holes through the nitride membrane. Silicon nitride membranes 

are under dense and have nano-channels.  These channels are filled during metallization 

to form the metal/silicon contact. If this is the case, a thicker insulation layer will finally 

solve the problem. In fact, an additional insulation layer does help.  However, this is not 

the main reason after tracking information from different sensors. The results become 

more obvious when using a new calibration stage that can have two sensors in one 

calibration run.  One position is always better than the other one in terms of the resistance 

between metal and silicon nitride.  Moreover, this monitored resistance can change 

discontinuously during the heating.  Therefore, the shunting effect is probably caused by 

the mechanical damage from loading the contact probes but not the first two hypotheses. 

A thicker insulation layer performs better for the same type of force.  Thus the further 

improvement should be focused on making either a better contact or a more robust 

insulation layer. 

 Understanding a nanocalorimeter is quite a long process. There are many steps in 

both sensor fabrication and experimental operation.  Carefully in each step is essentially 

important.  A good quality sensor is the first step for one to have much cleaner 

experimental results, and usually less time, labor and cost.  
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2.7 Figures 
 

 
 
Figure 2-1. Planar and cross-sectional configurations of a nanocalorimeter sensor 

developed during this work.  The sensor consists a 35~50 nm thick amorphous silicon 

nitride membrane supported on a silicon frame, and a 50 nm thick patterned metal layer. 

 
 

 
 

Figure 2-2. The principle circuitry of the differential scanning nanocalorimetry: two 

identical sensors are used ⎯ the sample sensor contains the interested material, and a 

reference sensor with no sample.  DC current pulses through the sensors are precisely 

synchronized.  Five electrical measurements are taken simultaneously: currents through 

sample and reference IS and IR; voltages across sample and reference VS and VR; and the 

differential signal ∆V, which reflects the difference between the two sensors due to the 

presence of the sample. 
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Double side polished Si wafer 
 
 
 

LPCVD nitride coating 
Step 1 and 2 
 
 

FSC coat and window PR patterning 
Step3 and 4 
 
 
 

RIE and PR stripping 
Step 5 
 
 
 
KOH and isotropic etching 
Step 6, 7 
 
 

Pattern transfer and image reversal 
Step 8, 9 and10 
 
 
 

Metallization and lift off 
Step 11

 

 

 
 
 
 
 
Figure 2-3. An illustration of the nanocalorimeter sensor fabrication: the process can be 

summarized as follows: (1) to use PR as a mask to etch silicon nitride; (2) to used nitride 

as a mask to etch silicon; (3) to pattern metal layer on the membrane.  
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Figure 2-4. Example of a high-resolution TEM image of annealed gold nano particles on 

a TEM nanocalorimeter sensor.  

 
 

4nm 
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Figure 2-5. Masks for TEM nanocalorimeter sensor fabrication. The top one is for 

opening the nitride windows; the bottom one is for the metallization.  
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Figure 2-6. An example of a nanocalorimeter sensor loaded in a JOEL 2010 TEM single 

tilt stage.  The tip holder is made of aluminum.  The nanocalorimeter sensor slides into 

the holder and is clipped by a spring finger made from beryllium copper. 
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CHAPTER 3 

 
SIZE-DEPENDENT NANO-STRUCTURE MELTING 

 

The melting behavior of 0.1 ~ 10 nm thick discontinuous indium films formed by 

evaporation on amorphous silicon nitride has been investigated by an ultrasensitive 

nanocalorimetry technique. The films consist of ensembles of nanostructures for which the size 

dependence of the melting temperature and latent heat of fusion are determined. The relationship 

between nanostructure radius and the corresponding melting point and latent heat is deduced 

solely from experimental results (i.e., with no assumed model) by comparing the calorimetric 

measurements to the particle size distributions obtained by transmission electron microscopy. It 

is shown that the melting point of the investigated indium nanostructures decreases as much as 

110 K for particles with a radius of 2 nm. The experimental results are discussed in terms of the 

existing melting point depression models. Excellent agreement with the Homogeneous Melting 

Model is observed. 

 

3.1 Introduction 

The physical properties of materials with reduced dimensions draw considerable attention 

because of the technological and fundamental importance of the problem [1, 2]. Nowhere is the 

interest greater in the thermodynamics of materials at small dimensions than in the 

microelectronics industry, where transistors and metal-interconnects will have tolerances of only 

several nanometers by the year 2005. One particular phenomenon of interest is the size-

dependent melting point depression — small particles have a lower melting point than bulk 

material [3-5]. This results from the increasingly important role of the surface as the size of the 
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structure decreases. From an atomistic point of view, as the size of the nanostructures decreases 

an increased proportion of atoms occupies surface or interfacial sites. These atoms are more 

loosely bound than bulk atoms, which facilitates the melting of the nanostructure. However, the 

mechanism by which nanostructures melt is not fully understood. In order to develop a better 

understanding of the phenomenon more experimental information is warranted, especially with 

regard to the energy associated with the melting process. 

 Melting point depression in nanostructures was first observed using transmission electron 

microscopy (TEM) [3, 6-8]. Using this technique the melting temperature of nanostructures is 

monitored by the loss of crystalline structure of the nanostructures with increasing temperature. 

It can also be used, as we do in this work, to measure the size of the nanostructures directly.  

However, high-energy beam-sample interactions may influence the melting process.  Similarly, 

x-ray diffraction has also been used for melting point depression studies [9, 10]. The difficulty in 

using this method is the determination of the particle size distribution, especially for the smaller 

particles.  

 Calorimetry is another extremely powerful technique for investigations of melting 

phenomenon. Using calorimetry we directly measure the heat capacity and the latent heat of 

fusion as a function of the temperature. The technique has undergone major improvements in 

recent years. Calorimetry adds a unique dimension to melting point studies. In addition to 

obtaining melting point information we also obtain values for the energy involved in the melting 

process. There are many types of calorimetric methods. Experiments with metal filled porous 

substances [11], particles dispersed in oil [12] and particles embedded in a metal matrix [13, 14] 

used conventional calorimetry, but the melting behavior in such cases must strongly depend on 

the type of surrounding material, i.e. on the environment of the nanostructures [14, 15]. Also, a 
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sophisticated technique based on laser irradiation of free metal clusters produces calorimetric 

data which are not affected by substrate influence [16, 17]. To date, this technique has been 

applied only for very small single clusters (compatible with mass-spectrometry) [16].  

 Recently, an ultrasensitive method, Thin-film Differential Scanning Calorimetry (TDSC) 

[18-21], was developed to measure the thermal processes occurring in samples deposited on a 

surface. In this article, the TDSC method is used to observe the melting behavior of small indium 

nanostructured ensembles (indium and its alloys are important materials in the microelectronics 

area, specifically in flip-chip packaging technology [22]). The limits of the measurement have 

been pushed to sizes never before reached. We demonstrate that the melting point depression and 

latent heat of fusion of such nanostructures decreases proportionally to the reciprocal radius r-1 

for radii down to 2nm.  

 

3.2 Melting models 

 There are many excellent approaches for theoretical studies of melting phenomenon in 

small particles, including classical thermodynamic as well as modern simulation methods [5, 23]. 

For convenience in describing our experimental work, in this chapter we will use the classical 

thermodynamic description of melting. A theory based on Laplace equation of the surface and 

Gibbs-Duhem equation [24] predicts a melting temperature depression of the form [9]:  
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where bulk
mT , bulk

mH  and ρs are the bulk melting temperature, the bulk latent heat of fusion, and 

the solid phase density, respectively. r represents the radius of a spherical particle, and α is a 

parameter related to the interfacial tension between the solid phase and its environment. Up to 
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now, three main melting mechanisms have been considered to describe the relation between the 

melting temperature and the size of particles, resulting in different expressions for α: 

i) The homogeneous melting and growth model (HGM) [6, 25], which considers 

equilibrium between entirely solid and entirely melted particles and expresses α as:  
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ii) The liquid shell model (LSM) [6, 26, 27], which differs from HGM by assuming the 

presence of a liquid layer of thickness r0 in equilibrium at the surface of solid particle; 

this model sets 
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iii) The liquid nucleation and growth model (LNG) [28-31], based on the kinetic 

consideration that melting starts by the nucleation of liquid layer at the surface and moves 

into the solid as a slow process with definite activation energy, and for which  
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Here σ represents the interfacial tension between solid, liquid and vapor phases (indexes s, l, and 

v, respectively), and ρl is the density of the liquid phase. In addition, it is worth mentioning that 

Eq. (3-1) is actually a first order expansion. However, the 2nd order term [32] is small in the 

present case since it represents a correction of +5 K at r = 2 nm. 

 These models are related to the different proposed melting mechanisms of the 

nanostructures. Verifying the applicability of these models by the experimental data (without 

presupposing any model in the data analysis) allows us to draw conclusions about the melting 

mechanism of indium particles. 
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3.3 Experimental procedure 

 The TDSC method relies on microfabricated calorimetric sensors. The planar and cross-

sectional configurations of the TDSC system are shown in Figure 3-1. These sensors consist of 

extremely thin (30nm) amorphous silicon nitride membrane (a-SiNx) supported by a silicon 

frame. The mass addenda of the sensor being so small, the achieved sensitivity is comparable to 

the latent heat of fusion of 1/1000 of a monolayer of bulk indium.  

 On one side of the membrane, a patterned thin (50nm) nickel strip is deposited, which is 

used simultaneously as a heater and resistive thermometer during the experiments. Differential 

calorimetry is achieved by using two identical sensors in one setup — a sample sensor (with 

material deposited on the sensor) and reference sensor (with no material). Before the experiment, 

the resistivity of both sensors is calibrated against the temperature in a three-zone tube vacuum 

furnace.  

 The calorimetric measurement is initiated by applying a synchronized dc electrical pulse 

to each nickel heater. The temperature of the sensors increases by Joule heating. High heating 

rates (from 104 to 106 K/s) allow the measurements to approach adiabatic conditions. The current 

and voltage through the sensors are measured for power and resistivity (and temperature) 

calculations. 

 In the ideal case where we would have two identical sensors with temperatures increasing 

exactly at the same rate, the power required to melt the sample deposited on the sample 

calorimeter would simply be 

RRSS IVIVtP −=)(       (3-5) 
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where V and I denote the voltages and currents through the sample and reference (indexes S and 

R, respectively) sensors, and t is time. The heat capacity would then be 

dtdT
tPTCP /
)()( = .      (3-6) 

where T is the sample temperature at time t.  However, several corrections have to be taken into 

account. First, an independent measurement of V and I for the sample and reference leads to 

somewhat noisy measurements. A differential measurement of the voltage across the reference 

and sample sensors improves drastically the signal-to-noise ratio, and is the key element that 

allows us to reach high sensitivity. Second, the characteristics of the sensors in any couple are 

not absolutely identical. In order to correct this disparity, the difference in heat capacity between 

the sample and reference cells is measured as a function of temperature before the experiments. 

Such relations are used in the final calculations. Corrections also take into account the influence 

of the deposited sample mass on the heating rate of the sample sensor. Third, the same CP(T) 

measurements are carried out at different heating rates, and used for later calculations of heat 

loss correction (i.e., departure from adiabatic conditions). 

 For the present experiments, thin indium layers with different thicknesses have been 

investigated. We selected indium due to its low melting point ( bulk
mT =156.60 °C) [33] and low 

affinity with SiNx. Moreover, indium has frequently been for investigations of melting 

phenomena in small particles [6, 7, 11, 13, 14, 30, 34].  The first stages of the deposition result in 

a discontinued film on the sensor membrane, consisting of nanoparticles of various sizes [35]. 

Below 100 nm of equivalent indium thickness, the average size of the particles increases almost 

linearly with the quantity of metal deposited. 

 For each experiment, both sensors are placed together in a standard evaporator with a 

base pressure of about 10-8 Torr. Before the deposition, the sensors are heated in order to remove 
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any potential contamination of the surface. A shadow mask is placed in line with the nickel strip 

as illustrated in Figure 3-1. Pure indium (Alfa Æesar 99.9985%) is then evaporated onto the 

sample sensor to nominal thicknesses ranging from 0.1 nm to 10 nm. The thickness of the 

different layers is monitored by an in situ quartz microbalance and corroborated afterwards by 

the mass obtained from the heat capacity measurements. The deposition rate is ranged from 0.02 

to 0.04 nm/s. 

 Beginning within a few seconds following the indium deposition, 100 calorimeter 

measurement/scans are taken sequentially at 1 second intervals. During each scan the 

temperature of the nanostructures as well as the calorimeter is raised from ambient temperatures 

to 300°C. Consequently the nanostructures are annealed during each scan. However, the effect of 

annealing, which are associated with minor changes in the particle size distribution (TEM) and 

Cp data, are limited mostly to the first scan and will be the focus of our future work. The 

calorimetry data presented in this work represents the average of all 100 scans excluding the first 

ten scans. The scans are identical within the measurement error, and are averaged in order to 

increase the sensitivity of the system.  The TEM and calorimetry data presented here represent 

the results of fully annealed indium particles. 

 After the calorimetric measurement, the sample sensor is transferred ex situ into a Phillips 

CM-12 TEM without additional preparation. Bright field micrographs of the sample sensor are 

taken. The particle-size distributions corresponding to each calorimetric experiment are obtained 

from digitized images using a combination of distance transformation and blob analysis 

algorithms [36].  Several thousand particles were measured in each sample in order to achieve 

sufficient statistics.  
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 Oxidation of indium nanostructures occurs during the transfer of sample from the 

deposition/calorimetry chamber to the TEM system. Particles with a radius of less than 3 nm are 

completely oxidized while those nanostructures with a radius larger than 3 nm have an “oxide-

shell” of 3-nm thickness [34].  We correct for the increase in particle size due to oxidation by 

recalculating the particle-size distribution obtained from the TEM microgarphs.  By taking into 

account the change in volume (24% in volume or 7% change in radius) due to the oxidation 

process we reduce the size of each particle in the distribution by the appropriate amount.  For 

example an indium nanoparticle with radius of 3.0 nm will be totally oxidized during the 

transfer, and will have a final radius of 3.2 nm.  From a practical stand point, the oxidation effect 

has little impact on the over all analysis, since the maximum difference between the radius of a 

completely oxidized and unoxidized 3.0 nm particle is only 0.2 nm, which is about the level of 

uncertainty of our TEM and image analysis techniques. 

We note that particles smaller than ~1 nm were not distinguishable from the small 

features in the SiNx membrane. However, such small particles should not contribute significantly 

to the melting heat unless they are present in huge proportions. Finally, the relation between the 

melting point and the particle size is extracted from the correspondence between the calorimetric 

data and the particle size distributions, as described in section 3.4.2. 

 

3.4 Result and discussion 

3.4.1 Effects of the melting point depression on TDSC measurements 

 Figure 3-2 shows the heat capacity [CP(T)] measurements for indium films with thickness 

ranging from 1.3 to 11.0 nm.  These curves have been normalized, i.e., divided by the film area S 

and the amount of mass deposited, from 0.4 ng (1.3 nm) to 3.3 ng (11.0 nm). The baseline of all 
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the curves corresponds to the heat capacity of bulk indium at higher temperatures. This 

corroborates the amount of indium measured by the quartz microbalance during the deposition. 

As a result, this shows that the calorimeter can be used to precisely measure small masses of 

material precisely. 

 The peak in each CP(T) measurements represents the heat involved in the melting process 

as a function of the temperature. Figure 3-2 demonstrates a significant low-temperature shift in 

melting peak and peak broadening as the film thickness decreases. These effects are reported on 

the inset of Figure 3-2, which shows the position of the peaks and their Full Width at Half 

Maximum (FWHM) as a function of the indium film thickness. This is the result of the 

decreasing size of the particles with decreasing deposited amount of indium. 

 The TEM micrographs on Figure 3-3 show that the indium film is discontinuous and 

consists of individual nanometer-size particles. The smaller particles correspond with the thinner 

film, as clearly shown by the corresponding particle size distributions. The particle distribution 

histograms, hereafter denoted as h(r), represent the particle surface density as a function of the 

radius [i.e. (particles/nm2)/nm]. In Figure 3-3 and the subsequent figures, h(r) has been 

multiplied by the volume of the particles (4πr3/3) so it reflects in a more sensible way the 

participation of the particles to the melting peak, since they should contribute to the heat of 

melting proportionally to their volume, or mass, at least in a first approximation. 

 On these histograms it is shown that average size of particles decreases with the film 

thickness. Since their temperature of melting decreases accordingly, following Eq. (3-1), their 

contribution to the melting peak is shifted towards lower temperature. The broadening of the 

peak is the result of the non-linear (1/r) relation between the size of the nanostructures and their 

melting point. The same spread in the particle size distribution corresponds to a much larger 
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width in the CP(T) curve for smaller particles than for larger ones. It is thus clear that a relation 

between the size of the nanostructures and their melting temperature can be extracted from such 

measurements. 

 Another important feature of calorimetric techniques is that they simultaneously measure 

the latent heat of fusion of the melting particles. This is important since the size can also 

influence this parameter. The proportion of atoms occupying surface sites in a spherical particle 

will increase proportionally to the reciprocal radius (1/r), at least in a first approximation. Such 

atoms being more loosely bounded, they should require less heat in order to melt, so we also 

expect the latent heat of fusion to decrease with particle size. 

 The value of the heat of fusion Hm can be determined from the CP(T) curves as the area 

under the melting peak. The melting peak component of the CP(T) measurements shown in 

Figure 3-2, as well as those of other experiments, have been integrated over the temperature in 

order to measure the heat of melting as a function of film thickness. This result is shown in 

Figure 3-4, in comparison to the expected value if all particles were melting with the bulk latent 

heat of melting (solid line). While the correspondence is very good for larger thicknesses, it is 

seen that the heat of melting is significantly offset for the smaller particles. This difference can 

be due in part to a size-related depression of the latent heat, but also to possible existence of 

some forms of deposited indium which do not contribute to the melting process under the 

described experimental conditions. Such forms can include already melted particles, adatoms, 

liquid layer on the surface of particles, interface layer between particles and membrane, etc. 
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3.4.2 Size-dependent effects  

 This section describes how the influence of the size on the melting point and heat are 

determined for indium nanostructures. The interconnection between the CP(T) plots, obtained 

from calorimetry, and particle size distribution h(r), observed by microscopy, is based on the fact 

that particles with different sizes melt differently. The relationship between those two 

measurements is based on i) the particle size dependence of the melting temperature and ii) the 

relation between the size and the latent heat of fusion. These two phenomena are tightly 

intertwined in the measured signals. Our objective here is to de-couple and reveal these two 

effects without using any a priori insight or model for their size dependence.  

 Only two general assumptions will be used. First, the melting temperature increases with 

size (i.e., particles with larger radius melt at higher temperatures). Second, each particle melts 

instantly (at one certain temperature). These suppositions are very common. The first hypothesis 

is based on extensive experimental literature on melting small particles on free surfaces. The 

only exception is for very small clusters [16, 17], which show irregular variations of the melting 

point. The second assumption is used explicitly in HGM [6] and LSM [6] models and obtained 

as experimental fact in LNG model considerations [30].  

 

3.4.2.1 Size dependence of the melting point 

 The main idea of extraction of a model-free correspondence between melting temperature 

and particle radius from TEM and calorimetric data is straightforward. A direct relationship is 

established by mapping (i.e., integrating concurrently) the area under the particle-size 

distributions and the melting peak of the corresponding CP(T) measurements. This integration 

procedure will be described below. However, before we enter into the details of this calculation, 
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it must be established that both the size distribution histograms and melting peak plots are 

incomplete in the lower part of their abscissa. While the maximum melting temperature, near 

bulk
mT , is properly measured, as well as the largest particle sizes in each film, the particles with a 

radius less than about 1 nm cannot be distinguished from the SiNx membrane features on TEM 

micrographs. So this part of the histograms is unreliably determined. At the same time, a part of 

the melting peak, for temperatures below the present working temperature range of calorimeter, 

cannot be measured. This will obviously affect principally the thinnest films.  

 In order to find the section of the size distributions that corresponds to the measured part 

of the melting peak, we therefore need to calculate a particle radius RL that corresponds to our 

lower measurable melting temperature TL. Then, the particle distribution from RL up to its 

maximal radius (which is easily can be found from the TEM images) can be mapped with 

melting peak in the temperature range from TL up to its maximal temperature. The following 

procedure has been used to calculate the value of RL.  Although the working temperature range of 

our TDSC begins at room temperature, the reliable Cp(T) measurements are available only above 

40 oC due to transient effects at the beginning of the heating pulse. It is thus convenient to use 

this temperature as TL (i.e., TL=40 oC). 

 The CP(T) curves and the particle radius distributions of the smallest deposited 

thicknesses are compared in Figure 3-5. For the 0.4 nm indium deposition, most of the melting 

peak is visible, and a large fraction of the indium mass is contained in the particles larger than 2 

nm in radius. Also, the 0.2 nm experiment reveals barely the half of the melting peak in the 

CP(T) data. On the other hand, there is no observable melting peak in the 0.1 nm CP(T) 

measurement, for which all particles are smaller than 1.75 nm in radius. After comparing the 

particle distribution with the heat capacity data for the thinnest films (0.1-0.4 nm) we conclude 
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that the most reasonable estimation of RL = 1.85±0.1 nm. Henceforth for all further analysis of 

melting point determination, only particles with radius larger than RL will be considered to 

contribute to the melting heat above TL. 

 This being established, the next step is to relate the specific melting point Tm(r) to a 

specific particle size. This is achieved by mapping the integral heat involved during the melting 

[from the CP(T) measurements] with the corresponding TEM particle distribution h(r) (for r > 

RL) for each deposition cycle. This mapping process is shown schematically in Figure 3-6. 

 

 The first step is to “normalize” the calorimetry and TEM data so that the heat generated 

by a specific set of particles is equal to the heat measured by the calorimeter. In doing so we 

define the average heat of fusion TEM
mH  for the specific deposited thickness to be as follows:  

( )

( )∫

∫
∞

−

=

L

m

L

R
s

T

T
PP

TEM
m

drrhrS

dTCTC
H

ρπ 3
3
4

0)(

,     (3-7) 

where 0
PC  is the base line under the melting peak in the CP(T) measurement and corresponds to 

the heat capacity, ρs is the bulk solid phase specific density and S is the area of the indium film. 

Although it is necessary for us to define the heat of fusion in this way in order to relate the 

particle size and melting point directly, another method to estimate the dependency of the heat of 

fusion Hm on particle size will be discussed in section 3.4.2.2. 

 The calculation of the mapping proceeds as follows. In order to determine the melting 

temperature Tm(r) for a particle of radius r we integrate the equivalent heat of melting for all 

particles with radius r>r′ [the shaded area under the curve in Figure 3-6(a) ] as given by the 

integral 
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We then match this amount of heat with that measured with the calorimeter (the shaded area 

under the curve in Figure 3-6(b) as given by Eq. (3-8). This is done by selecting the appropriate 

value for the lower limit of the following integral: 
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For a given value of r′ there is a unique value of Tm(r′) which satisfies the criterion. Obviously, 

because of the definition of TEM
mH (Eq. 3-7), at r′=RL we find Tm(r)=TL. This technique is repeated 

sequentially for the entire range of particle size starting from the largest particle to the minimum 

size particle with the constraint that r′ > RL. 

 The mapping process is done separately for each deposited thickness, each yielding a 

unique experimental set of values for Tm(r). The results of the analysis are shown in Figure 3-

7(a). Several depositions have been performed with various amounts of material. Since there is 

some overlap in the particle distributions between the deposited thicknesses we can obtain an 

average value for Tm(r). Such average Tm(r) relations are calculated and plotted in Figure 3-7(b), 

and are found to be remarkably linear over a wide range down to nanometer sizes. 

 Such “classical” behavior is predicted by the HGM model. To illustrate this point, a 

simple straight-line relation, identified as a thick solid line in Figure 3-7(b), has been fitted to the 

averaged data. The slope of this relation is -220±10 nm K, which corresponds to α = 53±3 mJ/m2 

in Eq. (3-1). A theoretical value of α can be calculated for the HGM from Eq. (3-2) using values 

denoted in Table 3-1. The result, αHMM = 43±10 mJ/m2, is in fairly good agreement with the 

experimental value (also see Table 3-2). 



 46

 Our results do not exclude the LSM model, but impose a serious limit on the thickness of 

the liquid shell r0. The dashed line on Figure 3-7(b) represents a fit of the LSM to the unaveraged 

data, giving r0 = 0.3 nm and σsl = 63 mJ/m2 ≈ σsv-σlv as it should be near melting temperature [9]. 

The maximum acceptable value for r0 so that the LSM model stays within the experimental 

uncertainty is r0 = 0.5 nm, which represents the thickness of two atomic monolayers. This is in 

interesting agreement with the results of Molenbroek et al. [37] on bulk <110> indium, who 

observed a strong relaxation effect in the two first monolayers of this material. Our data also fall 

in the limit range predicted by the LNG model. Nevertheless, no physical evidence allows us to 

state if the structures or phenomena from which result the additional parameters in LSM (r0) and 

LNG models are actual or not. For this reason, the simplest HGM model, which can be described 

in terms of some well-known independent characteristics of the material (σsv, σlv, ρs, and ρl), is 

preferred.  

 Finally, the slight “S” shape denoted in some of the individual T(r) relations in Figure 3-

7(a) could be the result of the widening of the melting peaks by the temperature resolution 

function of the calorimeters (FWHM~4 K); but some real effects could also be responsible for 

such features. 

 

3.4.2.2 Size dependence of the latent heat of fusion 

 Now that the relation between the melting temperature and the size of the particles has 

been extracted from the CP measurements, the next step is to look at the relation between the 

heat of fusion and the radius. The specific heat of fusion Hm is calculated by dividing the heat 

involved in the melting process by the mass of the sample. In one case, the mass of the sample 
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can be evaluated from the volume of the particles measured from the TEM micrograph. This type 

of calculation leads to the value TEM
mH used in section 3.4.2.1. 

 However, such volume estimate is influenced by several parameters, namely the shape of 

the particle. TEM only allows a two-dimensional projection measurement of the particles, which 

may not be complete spheres. In fact, a noticeable departure of about 25% is found between the 

volume measured by TEM and the expected deposited thickness. For the indium films in the 

range 0.2-5nm particles can be viewed as incomplete spheres with a volume shape factor Q = 

0.75±0.1 (i.e., the actual volume of the particles is about 75% of the what it would be if they 

were complete spheres with the radius measured by TEM).  

 On the other hand, the mass can be deduced directly from the baseline in the CP(T) 

measurement, using the bulk specific heat capacity. In this case, a self-consistent estimate of the 

specific heat of fusion can be found, 
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where F is a correction factor discussed below and PP cC /0  is the mass found from the ratio 

between the measured baseline heat capacity ( 0
PC in J/K) and the specific heat capacity from the 

literature ( Pc in J/g K) [38]. However, this ratio constitutes a measurement of the total mass. As 

demonstrated in section 3.4.2.1, the melting peak is incomplete for many experiments, especially 

for the smaller thicknesses, since the particles smaller than RL do not contribute to the melting 

above TL. For better approximation, only the fraction F of the total mass actually melting has to 

be taken into account. F can be estimated using the histograms h(r) as the volume fraction of 

particles with a radius above RL over the total volume measured by TEM. 
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 However, inasmuch as TEM has limited resolution, and could not detect a large number 

of very small particles, only an upper limit estimation of F is available. Thus C
mH  constitutes a 

lower limit estimation of the specific heat of fusion. 

 The results of the calculation of Eq. (3-10) for each experiment are presented in Figure 3-

8. The horizontal lines represent the radius range to which this calculation applies, considering 

the spread of the particles distribution in each case. While C
mH  value tends very well to the bulk 

latent heat of fusion for large particles (1/r→0), it clearly shows a depression as the particle size 

decreases.  

 While we have to keep in mind that this calculation constitutes a lower estimate, from an 

atomistic point of view, this depression corresponds to the heat necessary to melt approximately 

the first two atomic monolayers of the particles. In some sense, this would indicate that the atoms 

of the first outer two monolayers of the indium particles are in a relaxed, liquid-like state and do 

not contribute to the melting process. This conclusion is similar to that deduced from the 

maximum acceptable value of r0 in the LSM discussed in 3.4.2.1. 

 The latent heat of fusion is expected to be size dependent from theoretical considerations 

[11]. A more rigorous treatment using Hess’s law [39] and illustrated by the thermal chemical 

cycle of Figure 3-9 allows us to estimate the latent heat of fusion depression from a classical 

thermodynamics point of view: 
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The size-dependent heat of fusion Hm(r) is represented as a dotted line in Figure 3-8.  The model 

is in fairly good agreement with our data. The difference can be justified in terms of an 

underestimate of both C
mH  [Eq. 3-10] and σsv [in Eq. 3-11]. 
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3.5 Conclusion 

 Using ultrasensitive thin-film differential scanning calorimetry in combination with ex 

situ TEM analysis, the melting point depression of indium nanostructures has been deduced 

quantitatively down to particle radii of 2 nm. A new, model-free method of calculating the 

melting temperature — particle radius relation — was described. The melting point shows a 

linear decrease with curvature (1/r) within the experimental uncertainty, which is compatible 

with the homogeneous melting mechanism. It is also shown that the theoretical considerations of 

latent heat of fusion depression with increasing curvature are in reasonable agreement with our 

experimental results. 
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3.7 Tables and Figures 

 
Table 3-1. Characteristics of indium 

Constant Value Description Reference. 

bulk
mT  429.75 K bulk melting point [33] 

bulk
mH  28.39 J/g bulk specific heat of fusion [33] 

ρs 7.31 g/cm3 solid phase density [34] 

ρl 7.02 g/cm3 liquid phase density [33] 

σsv 618±10 mJ/m2 solid-vapor interfacial tension a [37] 

σlv 560 mJ/m2 liquid-vapor interfacial tension [37] 

σsl 63 mJ/m2 solid-liquid interfacial tension [9, 37] 

cP 0.211856 + 9.1160×10-5 T J/g K, 

T<Tm 

0.27348 J/g K, T>Tm 

specific heat capacity [38] 

 

        a average between (110) and (011) faces 

 

Table 3-2. Experimental parameters 

 

Parameter Value Description 

S 2.3 mm2 area of the indium film 

TL 40°C lower-limit temperature 

RL 1.85±0.1 nm lower limit radius 

Q 0.75±0.1 volume shape factor 

r0 <0.5 nm liquid shell thickness in LSM 
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Figure 3-1.  Plan-view and cross-sectional representations of the Thin-film calorimeters used for 

this study. The current pulse is driven between paddles 1 and 4, and the voltage is measured 

across the central part of the calorimeter using paddles 2 and 3. Differential measurements are 

achieved by using a second calorimeter on which no sample is deposited. 
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Figure 3-2.  Normalized calorimetric curves [i.e., CP(T)/mass] obtained for the 1.3 nm, 2.3 nm, 

3.2 nm 5.6 nm and 11.0 nm indium depositions. The inset shows the progression of the peak 

temperature and the Full Width at Half Maximum (FWHM) of the melting peak with deposited 

thickness. 
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Figure 3-3.  TEM images and associated particle size distributions of the (a) 1.3 nm and (b) 5.6 

nm samples of Figure 3-2. The particle size distributions (in [particles/nm2]/nm) are multiplied 

by the volume of the particles (4πr3/3) so the vertical axis have no dimensions. 

 

 

 

 

100 nm

0.0

0.1

0.2

0.3

0.4

0.5

0.6
(a)  1.3 nm

 

 

0 5 10 15 20 25 30
0.0

0.2

0.4

0.6

0.8
(b)  5.6 nm

 

 

4 
π 

r 3  h
(r)

 / 
3

radius, nm



 56

 

 

 

 

 

Figure 3-4.  Raw data of the heat of fusion (integral of the melting peak) as a function of the 

deposited thickness for all the experiments. The solid line represents the expected value if all the 

deposited indium was melting with the bulk heat of fusion. 
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Figure 3-5.  TEM images, particle size distribution and associated calorimetric data for the 0.1 

nm, 0.2 nm, 0.3 nm, 0.4 nm indium depositions. The radius RL corresponding to the lower limit 

temperature TL is indicated. 
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Figure 3-6.  Schematic representation of the procedure used to determine the relationship 

between the melting temperature Tm and the particles radius r. (a) the normalized particle size 

distribution, which has the same area under the curve than the melting peak in (b) which is the 

corresponding calorimetric curve. The temperature Tm at which the particles with a radius r melt 

is such that the area under the right part of both curves is equal. 
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Figure 3-7.  Result of the calculation schematically described in Figure 3-6 as a function the 

reciprocal radius. (a) Result for each experiment. (b) Average of the results in (a) (symbol o). 

This average result is compared with different melting models (lines). 
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Figure 3-8.  Heat of fusion as a function of the reciprocal radius deduced from the melting peak 

and the estimated melting mass of each experiment (see Section 3.4.2.2) for the details of the 

calculation). The horizontal solid lines indicate the radius range to which the calculation applies 

in each case. The dashed line is a linear regression through the data. The doted line represents the 

theoretical size-dependence deduced from the thermal chemical cycle of Figure 3-9. 
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Figure 3-9.  The thermochemical cycle, used to estimate of size dependence of the latent heat of 

fusion Hm(r) using the Hess’ Law. Sp(r) and Np(r) denote the area of particles and the number of 

particles that can be made from 1 g of indium, respectively; see text for other definitions.  
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CHAPTER 4 

 
DISCRETE MELTING OF NANO-STRUCTURE ENSEMBLES 

 

We report a study of the thermodynamic properties of indium cluster formation on a SiNx 

surface during the early stages of thin film growth using a sensitive nanocalorimetry technique. 

The calorimetric measurements reveal the presence of abnormal discontinuities in the heat of 

melting below 100°C. These discontinuities, for which temperature separation corresponds to a 

spatial periodicity equal to the thickness of an indium monolayer, are found to be related to the 

atomic "magic numbers", i.e.; the number of atoms necessary to form a complete shell of atoms 

at particle surface. 

 

4.1 Introduction 

The next millennium will be marked by major advances in materials and biology, 

spearheaded in part by the gains made in manipulating and characterizing materials on the 

nanometer scale.  Materials of nanometer dimensions have unusual thermodynamic properties, 

that are of great appeal for both scientific and technology communities [1-5]. Two phenomena 

which are currently of intense interest include (a) discrete nature of nanostructures and clusters 

which show periodic variations in properties corresponding to some select number of atoms 

(“magic” numbers) and (b) size-dependent melting point depression of small particles. This area 

of research is of particular interest in microelectronics for studying the initial stages of thin film 

growth. 

The discrete nature of nanostructures has been observed with clusters deposited on 

surfaces as well as cluster in beams. It is known that two-dimensional iridium clusters of specific 
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integral sizes (e.g. Ir19, Ir37, …) on a surface are considerably more stable then clusters with 

fewer or greater numbers of atoms [6].  In the cluster beams certain cluster sizes also show 

enhanced stability, which have been experimentally observed for clusters with a few atoms per 

cluster up to 22,000 atoms [7]. 

Size-dependent melting point depression is an important phenomenon for particles of size 

less than 10 nm.  This is due the increased influence of the surface atoms, which becomes 

dominant as the ratio of surface/bulk atoms increases.  As the particle size decreases, the value of 

the melting point decreases from the bulk. Size-dependent melting point depression has been 

confirmed experimentally over a broad range of particle sizes by using a variety of methods 

[Transmission Electronic Microscopy (TEM) [8], X-ray diffraction (XRD) [9] and differential 

scanning calorimetry [10] ] for particles in cluster beams [11-14] as well as those on surfaces [8, 

15].  TEM and XRD measure the melting temperature by monitoring the loss of crystalline 

structure of the particles with increasing temperature.  On the other hand, calorimetry techniques 

measure the heat involved in the melting process as a function of the temperature.  

Recent improvements in nanocalorimetry, which was developed in our laboratory, allow 

us to measure the phenomenon of melting point depression for particles on surfaces having only 

1,000 atoms.  At this level of size, small changes in the particle size correspond to large changes 

in melting point which are easily measured with our nanocalorimeter.  Thus we can investigate 

from the energetic point of view the discrete nature of nanostructures with sizes in the range of 

1,000 to 10,000 atoms by measuring the heat capacity of the particles. 

In this chapter, we report observations of multiple periodic maxima (melting peaks) in 

heat capacity measurement of particles in the range of 2-4 nm.  These oscillating maxima 

correspond to particle sizes, which differ incrementally in radius by one atomic monolayer (2.4 
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Å). These results clearly show the enhanced stability of particles of certain radii as their melting 

temperature decreases with their size. 

 

4.2 Experimental procedures 

The nanostructures studied in this work were formed by thermal evaporation of indium 

onto the SiNx membrane surface of the nanocalorimeter (see Figure 4-1).  For the very small 

amounts of indium which were deposited for this study, the films were discontinuous [16], 

consisting of self-assembled nanostructure with radii of a few nm. The deposition pressure was 

1×10-8 Torr and no evidence of oxidation of the nanoparticles was observed.  

The nanocalorimetry technique used for this study is based on devices that have been 

developed during the last several years [15, 17-19]. The device shown in Figure 4-1 consists of a 

thin 30 nm SiNx membrane typically several millimeter wide.  Two metallic strips (Ni, Au, or Pt) 

with a width of 500 µm and 50nm thick are deposited onto one side of the membrane, and serve 

both as heaters and as thermometers [20].  By using a thin SiNx membrane as the support system 

[21] the sensor has exceptionally low mass addenda. The resistivity of the heater is carefully 

calibrated against temperature prior to the experiments.  Very fast heating (up to 106 K/s) rates 

have been achieved by this method, making the radiative and conductive losses negligible.  The 

calorimetric cell (wich includes the metal strip, indium film, and the part of the SiNx membrane 

between them) is thus operated under nearly adiabatic conditions.  Calorimetry measurements 

are performed in differential mode where one of the metal strips serves as the reference sensor.  

The indium is deposited directly on the SiNx, aligned with one of the metal strips, which serves 

as the sample heater.  Calorimetry measurements are performed in-situ, and proceed by applying 

a current pulse to both sample and reference metal strips simultaneously. The voltage and current 
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across the heaters are measured and used for power, temperature and heat capacity calculations. 

The device also serves as the TEM sample since SiNx membrane is nearly transparent. 

After indium deposition, the calorimeters are scanned to 300°C in order to anneal the 

particles and make them stable. Then, the calorimetry measurements are performed. Calorimetric 

data are presented as a relation between the heat capacity of sample Cp and the sample 

temperature. Each Cp(T) curve presented here is an average of 100 scans, in order to increase the 

sensitivity. Nevertheless, the features discussed are observable in each single scan. 

 

4.3 Result and discussion 

Typically the Cp(T) relation for melting of small particles deposited on a free surface has 

a single broad endothermic “melting” peak [18]. The area under this peak is equal to the total 

latent heat of fusion of the particles. The wide size distribution of the deposited particles causes 

broadening of the melting peak because each particle of a different size melts at a different 

temperature ⎯ a consequence of size-dependent melting point depression. 

However, for the smaller indium clusters (2-4 nm), a remarkable effect is observed. The 

calorimetric curve shows a series of peaks in the low temperature tail, starting at 100°C down to 

50°C. Cp(T) data for the 0.4, 0.6 and 0.8 nm indium films are presented in Figure 4-2(d). Only 

three peaks are present for the 0.4 nm deposition, but after an additional 0.2 nm indium is 

deposited (increasing the average size of particles in the distribution), we find an additional five 

peaks generated in the Cp(T) data.  It is seen that the position of the peaks with respect to 

temperature is fixed from one deposition step to the other. Furthermore the peaks persist 

independently of the heating rate (3×104 ~ 2×105 K/s) and the type of calorimeter (nickel or 

platinum metallization, and nanocalorimeters with various dimensions). 
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To quantitatively relate the temperature of the peaks to a specific size of nanostructures 

we utilize the relationship between size and melting point as derived from our previous work 

[22]. As is the case of many materials systems documented in the literature, indium nanoparticles 

show a linear relation between their melting point depression ∆Tm and their curvature (i.e. 

reciprocal radius r-1) over a broad range of size (down to 2 nm of radius): 

r
TTT m

bulk
mm

α
=−=∆       (4-1) 

where Tm is the melting temperature of an indium particle with radius r and bulk
mT  is the melting 

temperature of bulk indium (429.75 K). The slope α=220±10 nm K has been determined 

experimentally [22]. Equation (4-1) corresponds to the widely used homogeneous melting model 

[23], which is based on Laplace and Gibbs-Duhem equations. According to Eq. (4-1), a melting 

temperature between 40°C and 100°C corresponds to particles with radii between 2 and 4 nm.  

Key information regarding these oscillations is extracted by analyzing the temperature 

spacing of the peaks, which increases with decreasing temperature. We evaluate these 

oscillations by relating their temperature to their radius through Eq. (4-1). The radius difference 

δri = ri+1- ri which corresponds to the separation between a maximum Ti and the next Ti+1 is 

given by 
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The result of this calculation, using the values found for the different maxima i
mT , is plotted in 

Figure 4-2(e). We find that the value of δri is constant within experimental uncertainty and 

corresponds very well with the thickness of an indium monolayer (i.e., between 2/a = 2.30 Å 

and c/2 = 2.47 Å, where a and c are lattice parameters of tetragonal indium [24]). As a result, it is 

clear that the periodicity of the oscillations corresponds to the thickness of an atomic layer. 
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 It should be note that radii of particles are calculated from the planar view TEM 

micrographs which contain no information about curvature of particles in cross section.  

Nevertheless, it has been found by comparison of planar views with mass of film that particles 

can be represented as truncated spheres with a height-to-radius ratio q=1.35±0.15 [22]. Thus the 

shape of the particles is invariant over the investigated range of size.  The particles grow equally 

in both lateral and tangential direction and the formation of one additional monolayer on the side 

of the particle corresponds to the formation of one monolayer on the top of the particle. 

The above analysis suggest that within the distribution of particles on the SiNx surface 

there is a specific set of particle sizes which are more stable than other particles. The peak-to-

peak variation of caloric response of our measurement can be discussed in terms of cluster 

stability. We suggest two factors that contribute to the increased heat of melting for stable 

clusters. (a) stable particles require more heat during melting than clusters of slightly larger or 

smaller size, and (b) the number of stable clusters on the surface is larger than those of slightly 

larger or smaller size.  

The first factor that contributes to the increase heat of melting for stable clusters is that 

the stable particles need more heat in order to melt. Such fluctuations have been widely invoked 

to explain magic numbers in cluster beams [25, 26]. Two kinds of magic numbers are commonly 

considered for metallic clusters. The electronic magic numbers, resulting of the interference of 

the free electron waves in a spherical harmonic potential, are given by Ne ≈ i(i+1)(i+2)/3. The 

second kind of magic numbers is the atomic or ionic magic numbers, corresponding to the 

number of atoms needed to achieve a complete layer of atoms (closed shell) at cluster surface, 

assuming an icosahedral symmetry. After MacKay [27], they correspond to Na = (10 i3 - 15 i2 + 

11 i - 3)/3, where i is the shell number.  
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In order to compare our data with these two models, the volume of the particles 

corresponding to each maximum i
mT  has been calculated using bulk density of indium and radii 

according to Eq. (4-1).  A spherical shape of particles is assumed in this case (instead of 

truncated spheres) in order to compare them with magic numbers, calculated for the non-

truncated icosahedral clusters.  Results are plotted in Figure 4-3, together with the number of 

atoms corresponding to each magic number model. It is seen that the spacing between our data is 

very close to the spacing between the atomic magic numbers.  However, this result does not 

imply that the particles actually have an icosahedral symmetry.  In general, for any crystal shape 

which can be approximated as a sphere, adding one monolayer of atoms to the surface increases 

the radius by an average thickness of a monolayer. 

Figure 4-3 also shows the irregularity observed by Schmidt et al. in calorimetry 

measurements of the latent heat of melting for sodium clusters by photo-absorption [13], which 

could be an extension to even smaller particles of the effect reported here.  

The second factor which could effect the amplitude of variations in Cp(T) data is the 

presence of a non-uniform particle size distribution. For the same energetic reasons mentioned 

previously, the formation of particles with specific sizes may be favored compared to others, 

resulting in peaks in the Cp(T) curve.   

Measurement of the non-uniform size distribution is the means by which stable clusters 

(magic numbers) are identified in most cluster beam studies [25]. Clusters in our experiment are 

formed during evaporation and the subsequent annealing through the processes of surface 

diffusion, Ostwald ripening and coalescence.  No oscillation is observed before annealing while 

oscillations are observed after annealing. Therefore, there is a reasonable possibility for the 
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formation of a nonuniform size distribution through the process of long range mass transport on 

the surface. 

The most direct way to evaluate the uniformity of particle distribution is by analyzing the 

distribution data from TEM measurements. However, insufficient the resolution of our TEM 

measurements is only about 2~3 Å and the variation in the background of the image due to the 

SiNx prevent us from extracting the size of the particles with the required precision. 

Finally we estimate the absolute energy associated with the oscillations.  Assuming a 

uniform particle distribution within δr/2, the heat of melting fluctuates by ~50 eV/particle for 

particles with Tm from 60 oC (peak) to 65 oC (valley). However, the theoretical estimations of 

this value were made for only small particles (for atomic shells up to 4th) due to computational 

difficulties [28, 29].  

 

4.4 Conclusion 

In summary, we have used a sensitive nanocalorimetry technique to investigate the 

thermodynamic properties of indium cluster formation during the early stages of thin film 

growth.  For the first time, we observe multiple periodic melting peaks in the heat capacity data, 

which we analyze via the size-dependent melting point depression properties of the indium 

system.  We conclude that there is a certain set of clusters with specific sizes, which are more 

stable than other sizes.  The incremental difference between the sizes of these stable particles 

corresponds to one atomic layer in radial thickness. 
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4.6 Figures 

 

 

 

Figure 4-1. The schematic diagram of the nanocalorimeter showing two metallic strips, which 

serve as both heaters (sample and reference) and thermometers.  These strips are supported by a 

thin SiNx membrane.  Indium is deposited on the membrane side of the nanocalorimeter directly 

above the sample heater. 
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Figure 4-2. Ex situ TEM micrographs of the nanoparticles generated in the deposition 

experiments of the (a) 0.4 nm, (b) 0.6 nm, and (c) 0.8 nm indium films.  Corresponding 

calorimetric curves (d) with vertical dashed lines indicating the position in temperature of each 

maximum. (e) Radius difference corresponding to the separation between adjacent maxima, as 

calculated using Equation (4-2). The horizontal dashed lines represent to the thickness of a 

monolayer for the two bulk lattice parameters of indium. 

20 nm

(a) (b) (c)

(d) 

(e) 



 74

 

Figure 4-3. Number of the atoms corresponding to the size of the particles associated with each 

melting point maxima i
mT  in comparison to the atomic and the electronic magic numbers. 
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CHAPTER 5 

 
REAL-TIME NANOCALORIMETRY 

 
 The scanning nanocalorimetry technique is utilized to characterize thin film 

growth in real-time. The technique generates 3-dimensional heat capacity data as a 

function of temperature and thickness that show the continuous change of indium film 

during deposition. The measurement interval is ~4×10-3 nm in thickness. Indium thin 

films form nanoparticles on silicon nitride surfaces that show the phenomena of melting 

point depression and the formation of magic number size particles. The measured 

increment of the heat capacity ∆Cp is ~30pJ/K and the temperature resolution is better 

than 0.5K. 

 

5.1 Introduction 

In-situ and real-time measurement techniques are of great importance in thin film 

studies for microelectronics [1-3]. In-situ experiments such as x-ray diffraction [4-6] and 

ellipsometry [7, 8] provide contamination-free measurements which can be critical for 

thin film and surface investigations. Real-time measurements allow the experimenter to 

study the evolution of a thin film on an incremental level less than one monolayer. They 

are suitable to track key aspects of the growth process. The techniques reduce systematic 

errors that are inherent in “one-at-a-time” type experiments. They can lead to the 

discovery of small effects, which are otherwise submerged by the experimental 

uncertainties. The fine-scale sampling property also allows one to track processes and 

effects observable only in narrow thickness ranges. 
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Heat capacity measurements are useful in characterizing materials. The 

measurements can be used to study phase transitions such as melting, glass transitions, 

etc., and to track exothermic or endothermic chemical reactions. Nanocalorimetry [9] 

technique is especially suitable for measuring the heat capacity of small materials. It is 

sensitive to measure thin films from sub-monolayer thick to hundreds of nanometers. 

Besides the high sensitivity, scanning nanocalorimetry also features adjustable heating 

rates up to 106 K/sec. Ultra-fast heating allows individual caloric measurement to be 

performed sequentially within one second intervals, thus enabling the characterization of 

thin film growth in real-time. 

Real-time nanocalorimetry measurement depends on two key factors: sensitive 

electronics and fast data processing. In recent years, high speed digitizing technique has 

been renovated in terms of sensitivity, resolution and sampling rate. For example, NI5911 

card can have 19 bit resolution working at 100 kHz which is over ten times better than 

older type of 16 bit devices like HP3458A. Equivalent random noise from analog to 

digital conversion is ten times smaller. Therefore repeatedly scans in previous 

experiments are not strictly required. 

 The methods on how to calculate heat capacity from a nanocalorimetry 

experiment have been summarized into our recent publication [10]. The central idea of 

the data processing is to suppress noise and to correct the differences of the measurement 

in both time and temperature domain. The established accurate method takes long time 

and multiple steps, while the simple method is too noisy and has not enough corrections. 

Both methods assume that ambient temperature is constant and sensors are stable during 

the experiment. However, such conditions are not true especially in a real-time 
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experiment ⎯ radiation from an evaporation source will affect the sensor when sensor 

exposes to it. To achieve real-time measurements, a fast heat capacity analysis with 

reasonable accuracy is of necessary. 

 

5.2 Fast heat capacity calculation 

 A nanocalorimetry experiment usually has three sets of measurement. (1) The 

drift measurement, which practices the sensor and monitors its stability characteristics; 

(2) The base line measurement, which measures the heat capacity of nanocalorimeter 

sensor addenda only; (3) The calorimetry measurement, which measures heat capacity of 

the sensor addenda plus the sample. The first two measurements serve as preparation for 

the third measurement to obtain sample information. 

 The heat capacity can be calculated in time domain as: 
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where R0 is a standard resister. Equation (5.1c) is a 4th polynomial fit of sensor 

calibration curve T(R) before the nanocalorimetry experiment. Temperature Coefficient 

of Resistance (TCR) is a material property but practically varies among different sensors. 

From above equations one can see that the heat capacity measurement can be simply 

achieved by voltage measurements. 
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 Experimentally, V(t) and VI (t) are too noisy to reflect very small changes. 

Limitation is from electronics. Smoothing functions or digital filters can be applied to 

reduce the noise. The efforts, however, are quite limited since small signals can also be 

attenuated.  Noise component in the P(t) is the product of I(t) and V(t).  Practically it does 

not affect to the final result. Heating rate (dT/dt), on the contrary, is a derivative term that 

dominates the heat capacity signal, which is the key part in data processing (see Equation 

(5.1)). Therefore, the temperature determination, i.e., the resistance measurement, is 

important. 

In a differential scheme (see Figure 2-2), a higher quality signal, differential 

voltage, is measured. Simultaneously, voltage and current signals for both sample and 

reference are also recorded.  Thus, one can express Vs(t) as: 

  )()()( tdVtVtV rs +=       (5.2) 

In such arrangement, Vr(t) is the voltage across reference sensor that hopefully provides a 

continuously changed signal which is not sensitive to the smoothing, filtering or even 

fitting by a polynomial function. Thus noise level in Vs(t) can approach that in 

differential measurement with sample information mostly kept. For further improvement, 

the S-G method can be applied to smooth dV(t) to get better results. 

Ideally, if the current through the sensor is constant, the solution will be very 

simple. However, this is difficult to achieve because the necessary power, the noise and 

the feedback circuit are concerned.  The electronic system employs low noise component 

⎯ capacitor as the power source.  During each nanocalorimetry measurement, resistance 

of the sensor increases due to Joule heat.  Correspondingly, the voltage across the sensor 

V(t) also increases and the current through the sensor I(t) decreases.  Sensor resistance 
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has to be smaller than the total other resistance in the circuit, since additional resistors in 

series have to be used in order to regulate the pulse current (the heating rate in caloric 

scans). Therefore the current through the sensor decreases, but very small (< 4% for a 

10ms 45 mA current pulse for example).  This is a situation close to a constant current 

since majority changes due to the sample are reflected in the voltage signals.  

Practically one can fit the I(t) by the polynomial function. This is suitable for very 

thin samples where small changes are negligible compared to the noise. Large signals 

will have problems since the polynomial fitting does not work well for a continuously 

changed curve with terraces in the middle.  In this case a lows pass Fast Fourier 

Transform (FFT) filter can be applied to get reasonably good results.  

According to Equation (5.1) heat capacity as a function of time can be calculated 

and then convert to Cp(T). The result is the heat capacity from both the sample and 

sensor addenda. In the baseline measurement, addenda heat capacity is measured as 

Cp0(T). So, sample heat capacity Cpsample(T) can be calculated as: 

  )()()( 0 TCpTCpTCpsample −=      (5.3) 

 Equation (5.3) is quite straightforward, but not that simple in a real operation.  

The subtraction should be done according to the temperature, while all the raw data are 

acquired in the time domain.  Therefore Cp0(T) should be calculated either using a fitted 

function or the interpolated value from Cp0(T0), where T0 is the temperature in baseline 

measurement. 

Note that Equation (5.3) is based on the assumption that heat capacity information 

is only a function of temperature. So voltage information and calculated heat capacity 

information are totally separated, as long as the TCR of the sensor does not change. This 
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is good for a real-time nanocalorimetry experiment that usually takes several thousand 

scans, where slightly drift of sensor electrical property is unavoidable. In more detailed 

investigations, heat loss, temperature distribution, and thermal conductivity contribution 

have to be considered. Those corrections are usually small (usually only a few percent of 

the total signal).  Details can be found in reference [10]. 

The fast heat capacity calculation takes the advantages of better computers as well 

as the advance in digitizing technology.  The data processing can be performed with the 

result plotted within one second scan interval based on a LabView program using PC 

platform. The analyzed results approach to that reported in regular nanocalorimetry work 

[10]. 

 

5.3 Experimental procedure 

 An indium thin film is deposited onto the nitride side of the sample sensor. The 

area is about 2 mm2 aligned to the heater by a shadow mask. The pressure during the 

entire experiment is maintained at 1~2×10-8 torr. The calorimetric measurements are 

initiated by applying synchronized DC electrical pulses to both sample and reference 

heaters. High heating rates from 30 to 200 k K/s are used to achieve near-adiabatic 

conditions. The current and voltage through the sensors are measured during the pulse 

scans. The recorded data is used to calculate resistance and power in the first step, and the 

temperature and heat capacity in a second step.  

 The required stability of electrical characteristics of sensors is achieved by 

annealing at 450 oC under high vacuum (~10-8 torr) for two hours and by making several 

thousands repetitive measurements before the experiment. The “burned-in” sensors are 
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then electrically stable during the measurement. Indium deposition is accomplished via 

thermal evaporation. A critical step in this experiment was to replace the inherently noisy 

silicon control rectifier (SCR) unit by an autotransformer to control the current for 

evaporation. Small, thin boats are employed to reduce the total power needed for 

evaporation. This limits the effect of radiation, which ensures that sensor characteristics 

are stable during the measurement. For the purpose of real-time measurement, a slow, 

constant evaporation rate (0.24Å/min) is first achieved. Nanocalorimetry measurements 

are then taken at 1s intervals and are averaged every 10 scans. Since radiation from the 

evaporation source causes a shift when the caloric sensor is first exposed to it, a baseline 

measurement with the radiation effect is used, and regular caloric measurements before 

and after the real-time measurement are taken for calibration. A quartz crystal monitor for 

comparison also monitors the deposited thin film thickness. Note the nature of the 

measurement unavoidably heats the sample ˙ nanocalorimetry scan heats the indium up 

to 300 oC. The studied thin film is inherently annealed.  

 

5.4 Result and discussion 

Figure 5-1 shows a 3D plot of heat capacity vs. temperature vs. thickness that is 

the result of real-time in-situ nanocalorimetry. The growth of indium on the silicon 

nitride surface film follows Volmer-Weber growth dynamics [11]. At the early growth 

stage, the film is discontinuous and consists of nanometer-sized particles. The particles 

melt at different temperatures. The melting temperature depends on the surface curvature 

and decreases as size decreases. This is the phenomenon of melting point depression [12]. 
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The peak on each caloric curve represents the endothermic process of melting. 

The area under the peak is the heat of fusion. One can see in the figure that the melting 

temperature throughout the deposition is well below the bulk value of indium (156.6 °C). 

Instead of the sharp melting peak for bulk materials, the caloric curves of thin film 

indium are extremely broad. As more and more material is deposited onto the surface, the 

melting peak becomes sharper and shifts towards bulk melting temperature. 

We analyze the data by focusing on three main features. (A) the temperature 

region in which all of the nanoparticles are liquid; (B) the melting peak of the film which 

illustrates size-dependent melting point depression; and (C) the multiple maxima 

observed at low temperature (50-90 °C) that are related to the formation of magic number 

particles. 

Heat capacity measurements of liquid indium are shown Figure 5-2(a). Heat 

capacity is an extensive characteristic of materials. It increases linearly with the mass. 

One can use the heat capacity to measure the mount of deposited materials. When 

comparing sequential caloric scans during deposition, the heat capacity of the film 

systematically increases, as does the mass of the indium. Figure 5-2(b) is the average 

value of the heat capacity between 170 and 255 °C as a function of integrated indium 

thickness. The average is taken over a wide temperature range to increase sensitivity. Due 

to the melting point depression, only liquid state heat capacity data is available for 

illustration. 

The results show the remarkable sensitivity of the measurement and illustrate the 

capability for characterizing fine details during deposition. Using the technique we can 

easily resolve film thickness of 0.04 Å and heat capacities of 30 pJ/K. 
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 Caloric data show melting point depression phenomenon (Figure 5-3(a)). This 

figure illustrates the continuous nature of the melting property change with the mount of 

material. The width of the melting peak is due to the combination of size distribution and 

size-dependent melting. For each scan, the smallest particles contribute to the 

endothermic signal at the beginning (low temperature) of the peak, while the largest ones 

contribute at the high temperature section of the peak. As deposition proceeds, the overall 

melting temperature substantially increases as expected since the average size of the 

clusters also increases. We quantitatively track the overall melting process by obtaining a 

peak melting temperature of the film, which increases from 100 to 135 oC as the 

integrated film thickness increases from 0.5 to 1.3 nm shown in Figure 5-3(b). 

 Figure 5-4 shows the caloric response at low temperature section (region C in 

Figure 5-1). Note the multiple maxima at the low temperatures. This is unexpected since 

one assumes the size distribution of nanoparticles at the very early stages of deposition 

should be smooth, and particles are physically similar to each other, thus the caloric 

response should also be smooth showing one single melting peak. However, a detailed 

analysis of the position of the multiple maxima [13] indicate that certain size 

nanoparticles are favored over other sizes. Similar effect has also been observed in magic 

numbers in cluster beams [14] and epitaxial surfaces [15]. The maxima temperatures 

correspond to the particle size by discrete one monolayer difference [13]. Unlike the 

variation of the main melting peak, which is illustrated in Figure 5-3, the melting point of 

the selected size nanoparticle is relatively constant. 

This degree of constancy of the temperature of one single size nanoparticle is 

difficult to establish using single-shot experiments when comparing one experiment to 
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another. This is because errors in temperature can be due to the differences between 

sensors, differences in ambient temperature, etc. However, the real-time measurement 

clearly shows that the positions of these local maxima do remain extremely steady during 

the thin film growth. The graph in Figure 5-4(b) shows that variation in the melting 

temperature of the example maxima in Figure5-4(a) (60.6 oC) is very small (± 0.2 oC). 

 

5.5 Conclusion 

 In summary, the nanocalorimetry technique is applied for real-time characterizing 

the thin film growth. The technique is used in generating 3D heat capacity plots that show 

the continuous property changes of the thin film during deposition. At the early stage 

indium growth, nanoparticles are formed and show the phenomena of melting point 

depression and the formation of magic number sized nanoparticles. The resolution of the 

measurement achieves ~30 pJ/K for heat capacity and 0.04Å for thickness.  
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5.7 Figures 
 
 
 
 

 
 
 

Figure 5-1.  3D plot of heat capacity vs. temperature vs. thickness during the vapor deposition of 

indium. The plot is generated using sequential individual scans with a heating rate of 30k K/s 

taken at 1s intervals. The film is discontinuous and consists of nano indium particles. Three 

distinct features are in the plot. (A) the liquid region which is used to track the growing of thin 

film on the sub-angstrom scale; (B) the main melting peak of the film which illustrates size-

dependent melting; and (C) the multiple maxima, constant in temperature and related to magic 

number nanoparticles. 
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Figure 5-2.  (a) Heat capacity of liquid indium (region A in Figure 5-1). For each scan the heat 

capacity is approximately constant. However, as deposition proceeds the heat capacity of the 

film increases, as does the mass of the indium; (b) Temperature averaged heat capacity from (a). 

The inset shows an expanded region of a small section of the main graph. The spacing between 

adjacent points is 0.04 Å in thickness and 30 pJ/K in heat capacity, illustrating the ultra-fine 

detail of the technique. 
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Figure 5-3.  (a) The increase of melting temperature during film growth. (b) The main melting 

peak increases continually from 100 to 135 oC as the integrated film thickness increases from 0.5 

to 1.3 nm. This shift is due to the increase of average nanoparticle size. This is an example of 

melting point depression phenomenon. 
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Figure 5-4.  At the early stages of deposition, some selected nanoparticles are favored over other 

sizes due to increased thermodynamic stability. As shown in (a) there are multiple maxima in the 

caloric curve. The maxima temperature correspond to discrete sizes, which is illustrated as 

schematic inset of nano particles with incremental atom layers. Unlike the melting peak shift, 

shown in Figure 5-3, the melting points of selected nano particles are relatively constant. This is 

seen in (b) where the value of the first maxima in (a) remains at 60.0 ± 0.2 oC. The ability to 

observe this high degree of stability is due the reduction of systematic errors by the use of real-

time measurements. 
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CHAPTER 6 

 

GOLD SILICIDE FORMATION 

 

 This chapter focuses on the study of the phase formation in Au-Si thin films. The 

structure, thermal and thermodynamic characteristics of the reaction products are determined 

using nanocalorimetry and ex-situ TEM.  In addition, the changes in the thin film during the 

sequential deposition process are qualitatively tracked in real-time scanning nanocalorimetry.  

The ultra-fast heating (~104 oC/s) and cooling (~103 oC/s) characteristics of the nanocalorimetry 

device are used to exploit the unusual properties of the Au-Si system ⎯ the formation of 

metastable phases. 

The unique finding of this study is the determination of the melting temperature of the 

metastable phase (~300 oC) using calorimetry, which is substantially lower than the equilibrium 

eutectic melting temperature (363oC) of the Au-Si system.  In addition, the heat of fusion (26.4 

kJ/mol) of the metastable phase has also been obtained from the caloric measurements.  The 

metastable silicide has been characterized using ex-situ TEM and found to be an orthorhombic 

phase with a=0.92, b=0.72, and c=1.35 nm, which has been determined by the double tilting 

experiment using diffraction patterns along major low-index zone axis in stereographic 

projection. The composition is proposed to be Au3Si based on EDAX result. The solidification 

process and supercooling characteristics of the Au-Si sample has also been analyzed using the 

(rapid) cooling cycle of the nanocalorimetry measurement.  

The combination of real-time scanning while depositing the films offers a unique growth 

process in terms of “deposition temperature”.  Clearly, the pulsed-heating/deposition process is 
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inherent to real-time in-situ nanocalorimetry scanning measurement.  It results in a combination 

of deposition temperatures near ambient temperatures for the majority (~90%) of each 1-sec 

cycle coupled with temperature excursions above the eutectic melting temperature for brief 

periods (~1%) of each cycle (See Fig. 6-14).  This real-time measurement also allows us to track 

(in each single scan) the phase formation over a wide range of nominal compositions, extending 

from gold-rich to silicon-rich. 

The real-time experiment shows several interesting phenomena including melting point 

depression of the eutectic gold-silicon alloy and the competitive growth between the eutectic  

and the Au3Si metastable phase.  The composition of the film (e.g., “silicon-rich” or “gold-rich”) 

determines the type of phase that is formed.  Rapid cooling experiments reveal that the eutectic is 

supercooled down to much lower temperature (~135 oC) than that of the Au3Si phase (~275 oC). 

 

6.1 Introduction 

Silicides reactions are of fundamental interest in thin film physics [1]. Issues related to 

the formation and properties of silicides such as TiSi2 and CoSi2 can be critical to device 

technology [2]. For example the formation of the metastable TiSi2 C-49 phase was so important 

to technology that for several years during the mid 1990’s there were entire (MRS) national 

symposia, devoted solely to this topic [3]. 

Au-Si has been a model silicide system for over 50 years [4]. Metastable gold silicides 

can be obtained by quenching liquid alloy (103 ~106 K/s), ion mixing, vapor deposition or 

annealing amorphous samples.  Major efforts have been taken in interpreting the electron and X-

ray diffraction data but still lack consensus on even the basic facts such as the number of 

possible different silicides.  The Au-Si system is apparently susceptible to contamination/growth 
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problems.  Numerous, supposedly different, metastable phases have been reported even under 

apparently the same experimental condition [4]. 

Inconsistencies and confusion persists in the literature related to the Au-Si material 

system in particular in the area of structure analysis.  For example, the reference source data-

bank for standard diffraction analysis (JCPDS) indicates that there are over example “10 

different phases” for the metastable gold silicides.  However, in 1987 Hultman [5] proposed a 

single cubic structure (Au4Si) which can account for most of the reported “different phases” that 

are listed in the (JCPDS) data bank as separate phases.  

The typical difficulties for the experimenters in investigating this material system include 

the challenges of (1) consistently and controllably growing the metastable phase, (2) identifying 

the crystal structure from typically complex diffraction patterns, (3) and determining 

composition of the metastable gold silicide.  The challenges are due to nature of the problem, 

i.e., the complex structure, and limitations of the available experimental techniques.  For 

example, X-ray method is less conclusive in identifying unknown phases when (1) there are 

multiple complex phases and (2) the quantity of materials is small.  Electron beam diffraction is 

extremely useful in obtaining the symmetry of crystals however, it is less accurate in determining 

lattice spacing, especially at high-index diffraction planes.  

Since Si is extremely susceptible to oxidation, the specific sample preparation process, 

especially in the thin film type of studies, is critical to the overall control of the experiment. For 

example, a-Si/Au bilayers easily oxidize, via the process of metal-induced oxidation, at room 

temperature in just a few days producing thick layers of SiO2 [6].  Influences from impurity 

phases in diffraction analyses can be hard to estimate if the sample has not been carefully 

examined. 
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Thermal and thermodynamic properties such as the melting temperature and heat of 

fusion can be in general difficult to measure since the metastable typically decomposes into 

equilibrium phases before the completion of the measurement and of course this decomposition 

process is irreversible.  Chen and Turnbull attempted to use conventional calorimeter to study the 

metastable gold silicide melting but their result is preliminary, for example, the reported melting 

peak is only about 5 oC below the eutectic melting temperature [1]. 

Nanocalorimeter is a MEMS fabricated thin film device that measures the heat capacity 

of  very small samples at very fast speed [7]. The heating rate can be as high as 105 K/s which is 

useful to avoid the metastable phases decomposition during the DSC scans, thus allowing us to 

measure the thermal/thermodynamic properties of the sample. Moreover, the nature of a 

nanocalorimeter can provide a cooling rate at ~103 K/s. Samples can be quenched after melting 

to form the metastable silicide. The measurement is repeatable.  

In the real-time measurement, the nanocalorimetry technique is applied during thin film 

deposition. The mount of the deposited material increases gradually. The caloric scans are 

recorded to trace the sample changes.  

 

6.2 Experimental procedure 

6.2.1 Evaporation system 

 The UHV chamber (Perkin-Elmer 430 MBE system) carrying out this experiment has 

been wet-chemically cleaned and dedicated to gold and silicon deposition. The sample stage 

assembly has a 12 pin electronic feedthrough with wires and spring-loaded connectors for 

accessing two nanocalorimeter sensors and one platinum resister (RTD).  The custom-made 

sample stage (made from aluminum) is loaded on a stainless tube connected to a liquid nitrogen 
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feedthrough. Cooling water is supplied through the stainless tube to stabilize the sample stage 

(and the sensor) temperature against radiation heating. The sample stage temperature is 

monitored by the RTD. On the evaporation source side, the system has been custom engineered 

with three thermal evaporation sources with water-cooled feedthroughs and screens/chimney. 

The silicon and gold source are 3 cm apart from each other, and vertically positioned about 30 

cm below the sample stage. The designed water-cooled screen/chimney not only prevents cross-

contamination between the evaporation sources, but also blocks massive evaporation flux to the 

chamber, which also decrease excess thermal radiation during the sample growth (see Figure 6-

1). The inside chamber has been covered with cryo-shields. They are kept at liquid nitrogen 

temperature in the experiment to avoid possible contamination.  

 The thermal evaporation method is employed in order to reduce the noise in the 

nanocalorimetry measurement. The work heater power supply has a primary transformer that 

regulates the secondary transformer (2kW 0~20V 0~100A) which supplies the current for the 

thermal evaporation. 

A thick tungsten boat (R. D. Mathis company S3-015W, 0.015 mil thick) is used for 

silicon evaporation. The width of the boat has been reduced to 0.25 inch by grinding in order to 

reduce the evaporation power for silicon deposition.  In contrast thin tungsten boat (R. D. Mathis 

company ME5-005W, 0.25 inch wide and 0.005 mil thick; 1.69V 80A 135W at 1800 oC) are 

used for the thermal evaporation of gold.  Small boats are selected to limit the side effect from 

radiation during the thin film deposition. The pressure is around 3 × 10-10 torr before and after 

the deposition, better than 2 × 10-9 torr during silicon evaporation, and < 1 × 10-9 torr for 

depositing gold. The actual deposition rate is 0.4~0.6 Å/s.  Using Auger analyses (AES), we 

didn’t detect any contamination from the thick Si samples deposited for calibration purposes. 
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6.2.2 Nanocalorimetry measurement 

 The calibrated nanocalorimeter sensors are cleaned by sequentially washing in Acetone, 

IPA, DI water, and IPA before loading into the chamber. The whole chamber is pumped down 

and then baked at ~170 oC for several days.  Before we perform the in-situ nanocalorimetry 

measurements and deposition, the sensors are pulsed to temperatures exceeding 800 oC several 

times in order to “flash-clean” the surface.  Following the flash process, the sensors are 

repeatedly heated up to 450 oC several thousand times until the drift characteristics of the sensor 

is minimized ready for continuous measurements.  In the first set of experiments, pure silicon 

(Alfa Aesar 99.9999%) is first deposited and followed by one set of nanocalorimetry 

measurement to determine the mount of silicon (or, the thickness).  Usually about 4 nm silicon is 

deposited to cover the surfaces controlled by the shutter with a calibrated crystal monitor nearby.  

Continuously, pure gold (Alfa Aesar 99.9999%) is deposited while the caloric scans are taken in 

real-time to record the phase formation. During each caloric scan, the Au-Si sample is heated up 

to 450 oC within 12 ms, and subsequently quenched down to ~10oC (i.e., the sample stage 

temperature during the experiment, monitored by the on-stage RTD). The caloric scans are 

repeated at 1 second interval. 

 Since the deposited thin film increases the heat capacity of the sample caloric cell, the 

final highest heating temperature gradually decreases.  The real-time nanocalorimetry 

measurement and the deposition have to be interrupted at several thicknesses in order to 

compensate for this effect by increasing the heating current for the sample sensor.  
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6.2.3 TEM analysis 

At excess gold regime, there is only one peak in caloric curves which can be attributed to 

the gold silicide melting. Regular caloric scan with/without cooling measurement is recorded 

after the deposition. By comparing the caloric data, we find that this gold silicide is stable over 

weeks inside the vacuum chamber and air exposure over one hour doesn’t make noticeable 

change to the gold silicide sample. With this knowledge, the samples are ex-situ transferred into 

Philips CM12, JOEL2010LaB6 or JOEL2010F microscopes. Bright field, dark field, selected 

area diffraction (SAD), STEM and EDAX analyses have been used to study the gold silicide.  

The diffraction analyses use the standard polycrystalline gold pattern as the calibration.  The 

single tilt experiment is first done right after breaking the vacuum without further preparation.  

The double tilt experiment is done afterwards by taking off the sample and gluing it onto a 

regular copper grid (room temperature, air dry).   Bright field and diffraction analyses show no 

observable change of the sample.  Finally the EDAX analysis is carried out to determine the gold 

to silicon atom ratio (stoichiometry).  The gold heater and silicon nitride membrane are first 

removed by a three-minute ion milling process.  Although decomposition is observed in some 

grains due to the ion bombardment, partially supported sub-micron gold silicide crystals with 

“zero background” (confirmed by the same diffraction patterns before and after the ion milling) 

have been obtained to do the composition analysis by EDAX. 

 

6.2.4 Sample alignment 

Nanocalorimetry desires that the entire sample aligned underneath the heater. An 

alignment mask can do this. However, strong background from the metal heater is not convenient 

for TEM analysis. In order to compromise, a notch area is opened on one side of the mask. The 
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notch is less than 2% of the total sample area (2.565 mm2).  In addition, the shadow effect due to 

the separation of the evaporation sources, the mask and the nanocalorimeter sensor frame 

thickness (250 µm) (i.e., non-overlapping portion of the deposited silicon and gold) can be 

limited by properly arranging the geometry between evaporation sources and the orientation of 

the sensor with the alignment mask (Figure 6-1(b)). The additional error is estimated to be 

2~3%. 

 

6.3 Result and discussion 

 The equilibrium phases of the gold-silicon system are the liquid, the fcc terminal solid 

solution of Au with limited solubility of less than 2 at.% of Si, and the diamond-type cubic 

terminal solid solution of Si with negligible solubility of Au (~ 2×10-4 at.%). The phase diagram 

is of a simple eutectic form (see Figure 6-2).  The experimental work starts with either the pure 

silicon or pure gold, and then deposits the gold or silicon as much as possible in order to cover 

the whole range of the system.  Note that the sample can aggregate after being melted during the 

deposition so that the actual composition can be different from the nominal composition. Also,   

extra silicon or gold may present in the sample. 

 

6.3.1 As-deposited sample 

 Figure 6-3 is a set of TEM micrograph and diffraction patterns of an as-deposited Au/Si 

sample. The gold layer is first deposited on to an ultra-thin (20 nm) amorphous silicon nitride 

membrane. The thickness is about 13.7 nm. The deposited gold forms an almost continuous film. 

Silicon is then deposited afterwards on the top of gold film. The thickness is about 29.1 nm (see 

the bright field image shown in Figure 6-3(a)).  The sample is kept under UHV conditions for 
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one day and half hour in air transfer before the TEM analyses.  From previous experiences based 

on Auger analysis, an oxidation layer quickly forms on the fresh silicon surfaces once it exposes 

to the air, the oxidized layer is about 3 nm thick and quite stable afterwards.  The SAD pattern 

(Figure 6-3(b) reveals that the as-deposited film consists ploy-crystalline gold (characteristic fcc 

diffraction patterns with 1/R2 ratio of 3:4:8:11:12…) and amorphous silicon (the halo inside the 

smallest gold ring).  Note that the diffused halo is contributed from both amorphous silicon and 

amorphous silicon nitride.  The intensity profile of the diffraction pattern is also shown in Figure 

6-3(c). The highest sample temperature (due to the radiation) is about 100 oC for several minutes. 

 

6.3.2 Low temperature annealed Au/Si sample 

 In the notch area (Figure 6-1(b)) ~20 µm away from heater, one can start to observe 

continuous gold-silicon film.  Figure 6-4 shows the morphology and diffraction analysis on an 

area that is about 100 µm away from the heater, where the sample was repeatedly annealed by 

the heating pulses (where the temperature is estimated between 100 and 270 oC). The sample is 

Si(3.7nm)/Au(15.7 nm).  The bright field image shows the ploy-crystalline Au-Si sample with 

the grain size normally about 20 nm (see Figure 6-4(a)).  Figure 6-4(b) and 6-4(c) are the SAD 

analysis of the sample compared with a standard gold crystalline sample as well as a quenched 

Au-Si sample corresponding to a metastable phase (details are presented later sections).  The 

conditions of the microscope are exactly the same for these three diffraction micrographs (only 

the sample height is changed to do the focus on the samples). 

 Hultman et. al. studied the microstructures of gold-silicon samples on a 20~30 nm thick 

silicon nitride membrane [5]. The as-deposited thin film sample shows that intermixing between 

the gold and silicon happens at room temperature because the Au (111) diffraction splits into two 
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lines, Au (200) deflection is not observable, and the Au (220) diffraction line becomes the 

strongest.  They attribute this to the (111)-preferred orientation.  However, Figure 6-3 clearly 

show that our as-deposited film consists ploy-crystalline gold and amorphous silicon.  While the 

observation in Figure 6-4 is quite similar to Hultman’s result, i.e., Au (200) is not observable and 

Au (220) has the strongest intensity.  Comparing Figure 6-4(b) and 6-4(c), one can see that the 

annealed sample is more likely a “new” phase rather than the textured gold.  The sample 

temperature during the deposition probably is the key factor for such observations. 

 The importance of the above discussion lies that the same gold silicide phase can also be 

obtained by annealing thin films (i.e., the solid reaction), which is not limited to the quenched 

samples studied in the section 6.3.5. 

 

6.3.3 The caloric result on deposited silicon layer 

 In order to investigate the gold silicide, it is important to know the mount of silicon 

before the next step gold deposition. The caloric result shows the sample heat capacity as a 

function of the temperature. When T>> ΘD (Deby temperature), one can calculate the sample 

mass using the measured heat capacity to divide the specific heat capacity (close to constant) 

because the heat capacity is an extensive parameter of materials [8]). ΘD of silicon is about 362 

oC. Therefore the specific heat capacity can not be considered as constant in the scanned 

temperature range. The best method to obtain the mass of the silicon is to correlate the caloric 

result with the calculation using the literature data. Although it has been reported that specific 

heat capacity is slightly different between amorphous and crystalline silicon [9], such influence 

is negligible to the experimental results. Both the caloric curve and the simulated one are shown 

in Figure 6-5. The best match between the measurement and theory generates the silicon mass of 
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22.2 ng (0.79 n mol) for this sample which is important for calculating thermodynamic 

parameters in section 6.3.11. 

 

6.3.4 In-situ real-time observation of phase formation 

 Figure 6-6 shows the real-time nanocalorimetry results during the gold deposition. The 

surface has originally been covered with a silicon layer of 3.7 nm thick. The early stage of gold 

silicide formation during the gold deposition is presented. The deposition is performed in a 160 

seconds period. Totally 5.9 nm thick gold is deposited, controlled by the crystal monitor. The 

sample is fast heated up to ~400 oC in 12 ms and then passively quenched to ~15 oC at one 

second interval during the real-time measurement (with the radiation). Without the thermal 

radiation, the sample temperature is around 10 oC. 

 At the very beginning stage of deposition, caloric scans show almost flat heat capacity 

curves up to ~1 nm thick of gold. The heat capacity increases and the highest temperature 

decreases indicating the gold mass increases. Followed, a very board melting peak starts to show 

up at ~290 oC. It becomes shaper as more and more gold adds to the sample (peak B). Also, the 

melting peak temperature shift towards the high temperature direction. Later, a second peak 

appears at lower temperature (~270 oC) and gradually grows (peak A). The gradually appeared 

melting peaks further decreases the final heating temperature because the phase change holds the 

temperature during the process. 

 It is hard to analyze the early deposition region where no melting peak is present. In 

separate experiments, once the shutter is closed to block the deposition flux and radiation, one 

can observe the gradually appeared melting peak, which can be a complex combination that 
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possibly involves detailed physics like deposition, radiation, nucleation, supercooling, etc. An 

amorphous or liquid mixture layer could be proposed for such observation. 

The evolution of Peak B is very similar to those in metal nanoparticles melting [7, 10].  

The smaller materials melt at lower temperatures than that of the bulk. The depressed melting 

temperature is proportional to the reciprocal of the size.  Thus the smaller the material, the lower 

temperature it melts.  Reciprocal relationship also determines that the melting peak is broad for 

smaller size samples.  Peak B finally approaches to 363 oC, where Au-Si eutectic melts.  

Figure 6-7 shows the micrographs of Si(3.7nm)/Au(4.3nm) sample prepared under the 

similar experimental conditions described in Figure 6-6.  Caloric results show that melting peak 

B dominants.  Figure 6-7(a) is a bright field image of the sample.  The sample consists of 

crystalline silicon and crystalline gold, which have been confirmed by the diffraction patterns.  

Silicon is plate like while gold can be large or small particles in between or attached to the 

silicon. High-Angle Annual Dark Field (HADDF) images (so called ‘z-contrast images’) [11] are 

collected in this study.  The intensity of the scanned micrograph is roughly proportional to the z2, 

where z is the atomic number of the element.  The atomic numbers are 14 for the silicon and 79 

for the gold.  Therefore, such analysis can study how the heavy gold element distributes in the 

sample in detail (Figure 6-7(b)).  The result shows that large silicon plates can have random 

arranged gold rich regions on surfaces.  Figure 6-7(c) presents a high-resolution image of an 

example of one gold rich region on the silicon plate.  Lattice images from Au (111) and Si (111) 

planes have been resolved with the inter-plane spacing of 0.234 nm and 0.316 nm, respectively.  

Existence of such small gold on top of silicon corresponds to the initial broad melting peak B 

(eutectic), which further confirms that it is a size dependent phenomenon.  Figure 6-7(d) is a 

bright filed image taken from a Au(13.7 nm)/Si(29.1 nm) sample that shows mostly the bulk 
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behaved eutectic (where gold is deposited first, large particles are formed after pulse heating, and 

silicon is deposited afterwards.).  Clustered sub-micron gold and silicon grains have been 

observed, which corresponds to the melting peak B at bulk melting temperature.  

 Solely gold continuous deposition experiment does not show any melting peak at the 

scanned temperature range, although it has been reported that gold nanoparticles have 

dramatically melting point depression below 100 oC [12]. The possible reasons might be that the 

deposited gold atoms and clusters are movable on the surface during the pulse heating. 

Coalescence or ripening happens so that the size that determines the particle melting is not be 

small enough for the gold [13].  

The experimental results reveal that the peak B in the caloric curves is from the gold-

silicon eutectic. The eutectic has shown the melting point depression that is size-dependent. 

 Continuing the experiment initiated in Figure 6-6, one can see the competing growth 

between the Au-Si eutectic (peak B, equilibrium phase) and a metastable phase (peak A) during 

the further gold deposition. The caloric results are shown in Figure 6-8. The real-time 

measurement is recorded from 8.8 to 15.7 nm thick of gold. 

 One can see clearly that the originally strong melting peak (B) in Figure 6-6 starts to 

decrease and finally disappears as the gold deposition proceeds. At the same time, the melting 

peak A continuously increases. After peak B vanishes, only melting peak A exists in the caloric 

curves. Adding more gold does not basically make any change to peak A. 

 In equilibrium, gold and silicon forms eutectic alloy (363 oC, 18.6 at. %). The terminal 

solutions are fcc gold with limited solubility of silicon in gold (less than 2 at. %), and diamond-

type cubic silicon with negligible solubility of gold (~2×10-4 at. %). Therefore, the observed 

melting peak A is from one quenched metastable phase (melting peak at 303 oC). From Figure 6-
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6 and 6-8, one can also notice that there is also melting point depression for the metastable 

phase, since the shift in the melting peak temperature is much beyond experimental uncertainty 

and other possible instrumentation influences. 

 

6.3.5 Identifying the metastable phase 

 At present time, the experiments unavoidably need to transfer samples in air to do the 

TEM analyses.  The metastable phase is possibly subject to change due to the oxidation, or 

contamination associated decomposition that has to be examined before the TEM operations.  

This can be done by verifying the caloric curves taken before and after air exposure for the same 

sample or comparing the characteristic diffraction patterns.  Although no obvious change has 

been observed in the samples, large grain crystals (sub-micron size) have been analyzed instead 

of very small features to avoid extraneous effects. The air transfer time is limited with in 10 

minutes for the TEM operations 

 Figure 6-9 shows TEM images of the quenched Si(3.7nm)/Au(15.7nm) sample that 

corresponds to the metastable phase (melting peak A).  Figure 6-9(a) is a low magnification 

bright field image showing a large area morphology of the sample in the notch area shown in 

Figure 6-1(b).  The edge of gold heater is indicated in the figure.  Agglomerated sub-micron 

particles nearby the gold heater are the interested gold-silicon samples presented in Figure 6-

9(b).  Figure 6-9(c) is the corresponding diffraction patterns of the sample.  Ten diffraction 

patterns from different sample areas have been added together to generate this picture because of 

the physical size of the available diffraction aperture in the TEM and limited sample areas (see 

Figure 6-9(a)).  As one can see from Figure 6-9(c), the diffraction pattern is from a complex 
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crystalline structure.  The lattice parameter is larger than that of Au.  However, it is hard to 

extract all the quantity information from this figure because the mount the sample is not enough.  

The standard technique to identify a phase from diffraction techniques is to compare the 

observed diffraction patterns with the simulated ones and find the best match with the smallest 

unit cell dimensions [14].  However, the details are quite different depending on the sample and 

the method.  X-ray is accurate for simple single phase bulk sample powder diffraction analyses, 

but less powerful dealing with multiple unknown phases or complex large unit cell structures, 

where the low angle diffraction information is not available and the high angle diffraction can 

have too many diffraction peaks.  Unfortunately, most of the quantitative x-ray studies on the 

gold silicide were done in 70’s by the old type of Debye-Scherrer diffractometers using the films.  

Possible experimental error is not traceable.  Similarly, the polycrystalline diffraction analysis 

using the TEM can also obtain diffraction patterns, but the result is less accurate.  Low angle 

information is preferred in electron diffraction method.  A careful study needs either internal or 

external references.  In the later case, the operation should not change the microscope intensity, 

magnification, and focus condition.  Moreover, one has to aware that electron dynamic distortion 

can also limit its accuracy especially in high angle regime.  Examples of such x-ray and electron 

diffraction investigations can be found in earlier references [5, 14-16]. 

 The investigated samples in this work are only tens nanometers thick, 0.45 mm wide and 

5.9 mm long.  Such small mount of material is not suitable for x-ray analyses.  Electron 

diffraction method has the similar problem since the quantity of the sample in this work is quite 

limited, which has been illustrated in Figure 6-9.  Therefore, the better way to study the 

metastable phase is to do the double tilting experiment. 
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 Double titling experiment studies the structure of the crystal by recording the relationship 

between major diffraction zone axes.  It can be used to construct the three dimensional 

crystalline structure, by obtaining diffraction patterns along major low-index zone axis in  

stereographic projection.  Such method prefers large single crystals due to the tilting operation.  

For smaller grains, the intensity of the Kikuchi patterns is not very strong, therefore it can be 

hard to find the major zone axes to perform the double tilting experiment.  In this work, relative 

large crystals are investigated.  Since the crystals are random oriented, the experiment needs to 

find those particles whose major diffraction zone axes are close to the electron beam. Only 

pieces of partial stereographic projection from multiple grains can be recorded using the JOEL 

2010 microscope because maximum tilting angle is quite limited (±30o).  A critical double tilting 

experiment was done on a Philips CM12 microscope with large tilting angles (±50 o).  The same 

grain has been tilted from [001] to [011] and from [001] to [101] diffraction zone axes.  This 

direct observation suggests an orthorhombic structure for the sample.  All the pieces of partial 

stereographic projection further collaborated this result.  The electron diffraction analyses 

indicate that all the examined samples are from an orthorhombic phase. 

Figure 6-10 is the diffraction results from the orthorhombic phase.  The crystalline 

structure agrees with the b-centered orthorhombic unit cell with a = 0.92nm, b = 0.72 nm, c= 

13.5 nm.  Diffraction patterns corresponding to zone axes [100], [001], [101], [011], [111], [121] 

have been presented for illustrations.  The b-center can be inferred from Figure 6-10(b).  The 

diffraction pattern has regularly spot at h+l=2n and the spot extinguishes at h+l=2n+1 where n 

in an integer.  Notice the different extinguishes between the first and the second Laue zones, 

showing a b-center in the a-c plane.  Similar effect can also be observed in Figure 6-10(e). 
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 One basic problem in gold-silicon binary system studies is whether the prepared sample 

has only one phase or has multiple phases. This is the origin of the disagreement in early bulk x-

ray works represented by Luo (β and γ phase) [17], Predecki (γ-brass structure) [18], Anderson 

(δ phase) [15], Suryanarayana (A13 or β-Mn type structure) [14] . Except for the eutectic alloy, 

the investigated samples are all metastable phase. Few other experimental methods [1] can 

provide assistant information to clarify the situation. 

 Depositing gold film on top of silicon and followed by annealing samples at elevated 

temperatures is another type of experiment among gold silicide studies.  LEED combined with 

Auger analyses have been used.  Green and Bauer [19] observed three different LEED 

diffraction patterns, but they can not conclude whether these diffraction patterns belong to the 

same phase or separate phases.  Moreover, unlike common techniques in x-ray and electron 

diffraction analyses, possible error in LEED experiment is more difficult to estimate. 

 Experiments involving both silicon and gold deposition need special concern.  Generally 

speaking, the inherent surface conditions may cause differences between a thin film sample and 

the bulk.  However, such type of experiment has to solve the contamination problem mostly from 

the silicon deposition.  This can be seen in sensitive nanocalorimetry measurements.  Typical 

peaks due to contamination happen at ~100, ~250, and ~320 oC when the experiment is carried 

out in an oil system with background pressure of 2×10-8 torr and middle 10-7 torr during the 

silicon deposition (5~10 at.% contamination from carbon and oxygen by Auger analysis).  The 

exact role of contamination in the gold silicide is not clearly understood.  Structure analyses 

become extremely challenge if the impurity phases have to be excluded but their information is 

unknown.  Krutenat also mentioned similar problem [16] where small copper contamination was 
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found in the obtained sample possibly by the sputtering of the water lines nearby the target. The 

influence seems negligible but detailed discussion is not available. 

 Technically speaking, bulk silicide studies are cleaner than thin film methods. However, 

detailed experimental procedures might have introduced contamination but have not been 

checked in early work, for example, the way of quenching method and how to prepare the x-ray 

power diffraction sample from the quenched metastable phase.  Such information is seldom 

mentioned in the literature.  The difference in the diffraction details can be either from gold 

silicide, texture, or impurity phases.  This can definitely influence the phase identification and 

cause the disagreement between different research groups.  The gold on silicon wafer study is 

supposed to have less contamination than that in gold silicon thin film studies, since the quality 

of silicon deposition is critical.  However, the structure analyses can be difficult since the sample 

quantity is quite limited. 

 From Figure 6-6 and 6-8, one can see that there is one melting peak (A) corresponding to 

the metastable phase.  Melting peak B is from the eutectic alloy.  Only melting peak A exists at 

“gold-rich” regime.  Therefore, the stereographic projection method can be used to identify the 

crystalline structure of this metastable phase.  Gaigher and Van de Berg [20] did double tilting 

experiment on gold silicide.  The sample was prepared by e-gun evaporation, dissolving the 

NaCl substrate in water, and then analyzed by in-situ heating.  They found that parts of the 

results agree with the previous model proposed by Suryanarayana and Anantharaman [14] (x-ray 

method), and attributed other diffraction patterns to a new phase with orthorhombic unit cell 

(a=0.68, b=0.75, and c=0.96 nm).  However, there still have several diffraction patterns that can 

not be indexed.  The experimental result in this work is from stereographic projection and double 

tilting experiment.  All the diffraction patterns can be attributed to one orthorhombic phase with 
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as long as caloric results show only melting peak A.  The observation also agrees with Green’s 

LEED result within the possible experimental error [19], which proposes that three different 

LEED patterns in Green’s work be due to different orientation rather than different metastable 

phases. 

 

6.3.6 Stoichiometry 

 Complexity of the gold silicide metastable phase is also reflected by the disagreement on 

stoichiometry of the metastable phase. Example of proposed compositions are: Au2.5Si (29 at.% 

Si) [21], Au3Si (25 at.% Si) [15], Au3.3Si (23 at.% Si) [16], Au4Si (20 at.% Si) [5], Au5Si (17 

at.% Si) [14], Au7Si (13 at.% Si) [17]. As one can see that the gold silicide exists in 13~29 at.% 

of Si range.  From Au3Si to Au5Si, the difference is only within a few percent.  Such small 

difference is usually within the experimental uncertainties.   

There are three types of estimations for the gold silicide composition.  (1) Direct method, 

to use the original weight of silicon and gold [14, 22]. (2) In direct method, to deduce the 

composition from possible structure or super lattice, or to compare with other metal silicides [5, 

17, 23]. (3) Direct method, to measure the composition from experiments using wet chemistry 

[15] or surface analytical technique [19]. This work uses EDAX to determine the stoichiometry 

of the gold silicide metastable phase in TEM.  “Zero background” samples are obtained by short 

time ion milling to remove the silicon nitride membrane and gold heater.  Partially supported 

submicron crystals have been analyzed.  The result suggests the gold to silicon ratio of 3 on 1.  

Caloric analyses also support such result. In Figure 6-8, the gold thickness corresponding 

to where the eutectic melting peak disappears is around 11.5 nm (3.7nm of silicon). In case of 

Au3Si, the gold thickness should be 9.4 nm; in case of Au4Si, the gold thickness should be 12.6 
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nm.  Since the film is discontinuous, excess gold can stay between the silicide islands.  Au3Si is 

then reasonable. 

Various stoichiometry reported in literature can be explained by solid solutions.  The 

solid solution based on the Au3Si matrix may contain excess of gold since the eutectic 

composition is about Au4Si.  If the sample has been quenched, it can also have vacancies.  This 

model can explain some disagreements in the literature. In Suryanarayana’s experiment, a 

metastable phase was observed in gold-silicon samples from 15 to 25 at. % of silicon. The 

authors suggested Au5Si (16 at.% of Si) phase partially due to crystalline models and partially 

influenced by other research groups [14, 17, 24].  No excess silicon was mentioned in the 25 

at.% Si sample.  George et. al. [22] also reported obtaining Au3Si phase without excess gold or 

silicon.  A solid solution model can explain all these experimental observations.  However, there 

has no quantitative experimental proof to verify or reject this hypothesis. 

 

6.3.7 Epitaxial relation 

 Epitaxial growth is not surprise in gold silicides.  Philofsky et. al. [25] reported the 

epitaxial growth of eutectic alloy on silicon substrates.  Green et. al. [19] also suggested the 

possibility of epitaxial growth based on the experimental observation that gold silicide layer 

forms at gold silicon interface as well as on the surface of gold film after annealing. 

 Over saturating the sample with excess of gold does not basically change the melting 

behavior of the metastable phase from caloric observations, but does change the morphology of 

the sample.  Figure 6-11 is a STEM (z-contrast) image of the Si(3.5nm)/Au(64nm) sample.  

Since the gold silicide has light silicon atoms, the HADDF intensity is lower than that of the 

gold.  Combining with electron diffraction and EDAX analyses, one can further confirm that the 
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islands have gold in the center and gold silicide on the shell or skin (if not fully covered).  The 

gold core does not melt during the heating.  Therefore it can serve as nucleation site for the 

silicide growth.  Under such conditions, epitaxial growth can happen.  Figure 6-12 shows an 

example proof of such observations, with Au[111]//Au3Si[100].  Roughly a 4-time relation has 

been observed.  The lattice parameter a=0.92 nm with is quite close to 4 times of dAu(111) 

(0.94nm).  The mismatch is only about 2%.  Seibt et. al. [23] presented a high resolution TEM 

image showing the epitaxial growth of silicide between the gold grains, but it is difficult to 

determine the epitaxial relation from their work because the sample is not aligned to the major 

diffraction zone axis and the size of the silicide grain is too small to do a thorough structure 

analysis.  Both Seibt et. al. [23] and this work observed epitaxial growth of the silicide with the 

present of gold.  In this work, 4 time is the most common epitaxial relation, while 3 and 5 time 

relations are also observed.  Moreover, epitaxial growth is not required for all the silicide 

observations with excess gold.  Note that the silicide is gold rich.  The sub-unit cell of the silicide 

can be close to the gold.  This is the physical reason of the epitaxial relation between the silicide 

and the gold.  

 

6.3.8 Growth model 

 To sum up above observations and analyses, one can propose the following model for the 

experiments (shown in Figure 6-13). 

1) A layer of silicon film is first deposited on the silicon nitride membrane.  

2) First several monolayer thick gold atoms on top of silicon form a mixed layer. Since 

no melting peak has been observed at this stage, the mixed layer might be amorphous 

or liquid during the continuous gold deposition. 
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3) The eutectic and the Au3Si metastable phase form, showing size-dependent melting 

(beginning) and competitive growth (later). 

4) Finally the Au3Si metastable phase dominates as more and more gold added. 

5) Further depositing gold changes the morphology of the sample. The liquid alloy 

expels excess gold to the gold core before solidification. Thus the metastable phase is 

shell or skin like on the surface. Since the gold core acts as nucleation site, epitaxial 

growth of the metastable phase can be observed. 

Exchange the gold and silicon will get reversed result, i.e., the metastable phase first 

appear when silicon first deposits on gold layer, but the eutectic finally dominate the growth at 

silicon rich regime. However, there is still a small metastable phase peak that can not be totally 

removed by extra silicon deposition. 

The experiment reveals that the composition determines metastable phase, eutectic alloy 

or both of them will exist in the quenched gold-silicon sample. 

 

6.3.9 Cooling experiment 

To study the physical reason of the obtained experimental results, one has to investigate 

the cooling process on the samples. 

Figure 6-14 shows the heating and cooling experimental results of the samples with only 

the metastable phase and the metastable phase plus the eutectic. Cooling curves are obtained by 

applying very small current (1~5mA) through nanocalorimeter sensor to measure the temperature 

drop as a function of time. Such small current does not heat the sample too much (tens degree oC 

estimated) [26]. The measurement is very noisy so that a higher quality signal, differential 

voltage, is recorded to present the changes due to the sample. The derivative of the differential 
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signal (raw data) is presented in the plots with no baseline subtracted. The derivative of the 

differential voltage according to time is proportional to the caloric curve [26]. When this 

experiment was carried out, only 100 ms maximum scan was available. The second set of plots 

showing two peaks is from an experiment where the alignment mask is removed. The signals are 

much wider due to the non-uniformity of the nanocalorimeter sample cell, but much faster 

cooling rate is achieved to record the lower temperature physical change of the sample. 

As one can see that the melting peak at ~303 oC and cooling peak at ~275 oC are from the 

metastable phase; the melting peak at ~363 oC and cooling peak at ~135 oC are from gold-silicon 

eutectic. It is clear that eutectic has much stronger supercooling (~230 oC) than that of the Au3Si 

metastable phase (~30 oC). This is reasonable since the liquid alloy needs to separate the silicon 

and gold before the solidification (see Figure 6-7(d)). The eutectic consists of sub-micron size 

silicon and gold crystals. 

Cooling experiments can explain why the system does not undergo a solidification 

process after the Au3Si phase melting which is 50 oC below the eutectic melting temperature ⎯ 

the liquid is supercooled.  In fact, we would expect an exothermic solidification peak after or 

accompanying the metastable phase melting (303 oC) and then a much larger endothermic 

eutectic melting peak at 363 oC in a “slow” calorimetry measurement. 

 

6.3.10 Models on phase formation 

Experimental results show that composition of the film, i.e., “gold-rich” or “silicon-rich” 

determines the quenched sample to form either Au3Si phase or eutectic (illustrated in Figure 6-

15).  There can have two models to explain the experimental observations based on the different 

hypotheses on “gold-rich” or “silicon-rich”. 
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The first model explains the phase formation in terms of the nucleation and growth.  

Since the metastable phase is gold-rich (Au3Si), the excess gold in the sample that doesn’t melt 

can serve as nucleation sites for the Au3Si phase. Therefore, one can obtain the metastable phase.  

On the other hand, gold is immiscible to silicon.  In the “silicon-rich” samples, the excess solid 

silicon tends to receive silicon rather than the silicon plus the gold, therefore, one would expect 

the separation of silicon and gold (see Figure 6-7(d)). 

The second model, however, hypothesis that the liquid is slightly different.  Castanet and 

Bergman [27] proposed that there are Au3Si-type aggregates in the liquid gold-silicon alloy.  The 

aggregates would strongly stabilize the liquid phase.  The proposed composition of the liquid 

aggregates is the same as that in the identified gold-silicon metastable phase.  Therefore, the 

competitive growth between the eutectic alloy and the metastable Au3Si phase observed in this 

work can be considered as a direct result of the difference in the liquid alloys.  In “gold-rich” 

region, the aggregates dominate so that it is easy to form the metastable phase.  In “silicon-rich” 

region, aggregates are small in quantity so that the liquid alloy can be further supercooled, to 

segregate into silicon and gold, and then to solidify.  Somewhere in between, the competition 

growth happens, determined by the composition of the sample.  

 Both models can explain the experimental observations in this work.  Model 1 is straight 

forward and easy to understand, however, the details on nucleation and growth process has to be 

further investigated, for example, if the solid gold is of necessary for the Au3Si phase formation 

or not; Model 2 is also interesting ⎯ it directly relates the liquid and solid phase, in such a deep 

eutectic system, but the correlated understandings in the literature has not jet been fully 

established. 
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6.3.11 Thermodynamic properties 

The caloric curves not only indicate the melting temperature, but also provide heat of 

fusion information (area under the melting peak). At the gold excess regime, there is only one 

metastable peak in the caloric curve. Therefore, it can be utilized to calculate the heat of fusion, 

assuming that all the deposited silicon has been consumed to form the metastable phase, and 

excess gold does not melt. The first assumption is valid when excess gold is used to saturate the 

sample. The second assumption is properly because gold tends to form large particles that can 

not be melted in the experimental scanned temperature range, which has been proved in a 

separate gold deposition experiment. 

Figure 6-16 shows three caloric curves from the regular nanocalorimetry measurement. 

Results from two separate experiments are presented. The silicon is 0.79 and 0.75 × 10-9 mol 

respectively. In the later experiment, two gold thicknesses (47 and 64 nm) have been examined. 

The broadening of the melting peak is the result of thicker samples. However, the area under the 

peak (heat of fusion) is about the same (20.80 µJ for 0.79 × 10-9 mol and 20.07 µJ for 0.75 × 10-9 

mol sample).  The experimental result gives an averaged heat of fusion of 26.4 kJ/mol for the 

Au3Si phase assuming Au3Si as a molecule.  This value is equivalent to 6.6 kJ/mol in terms of 1 

mol of total atoms, which is quite close to the  previously reported value (6.1 kJ/mol) by Chen 

and Turnbull [1].  Chen’s experiment was done 36 years ago, using an old type of calorimeter 

Perkin-Elmer DCS-1. The measurement was carried out at 40 K/min, while the most sensitive 

range was ~10 K/min. Moreover, the metastable sample decomposes during the measurement. 

Therefore the measurement was indirect. Few experimental data on metastable phases are 

available in the literature and this is only one of the examples. 
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The heat of fusion of eutectic has also been estimated. Figure 6-17 is an example caloric 

curve showing both metastable phase and eutectic melting peaks. If one assumes that silicon is 

either in the Au3Si phase or in the eutectic, then the specific heat of fusion of the eutectic can be 

calculated. The total mount of silicon has been measured (see section 6.3.3). The specific heat of 

fusion of the Au3Si phase can be used to determine the silicon is in the Au3Si phase. By 

subtracting corresponding mount of silicon in the Au3Si phase, one can then calculate the 

specific heat of fusion for the eutectic. The result is about 9.6 kJ/mol of Si, which equals to 1.9 

kJ/mol for the eutectic. The value is smaller than the bulk value from Turnbull (9.8 kJ/mol) [1] 

and Castanet (9.4 kJ/mol) [27], which suggests that some silicon remains in this sample.  

Theoretical calculation can also be used to estimate the result. From the Hess cycle, one 

can calculate the specific heat of fusion of the eutectic alloy. The specific heat of fusion is 50.21 

kJ/mol [28] for the silicon and 12.72 kJ/mol for the gold [28]. The liquid heat of mixing at ~20 

at.% Si is 7.31 kJ/mol [4]. If the difference in liquid and solid heat capacity is negligible, the 

specific heat of fusion of the eutectic should be about 12.4 kJ/mol.  

 

6.4 Conclusion 

 The structure and thermal/thermodynamic properties of the Au3Si metastable phase and 

the Au-Si eutectic have been studied. The competitive growth between the Au3Si phase and the 

eutectic has been observed and found to be determined by the composition of the sample. The 

experiment also shows the melting point depression of the Au3Si  phase and the eutectic. Rapid 

cooling experiments indicate the eutectic is supercooled down to much lower temperature (~125 

oC) than the Au3Si phase (~275 oC). Models on the thin film sample growth as well as phase 

formation have been discussed. 
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6.6 Figures 

 

 
Figure 6-1.  The illustration of the custom optimized UHV chamber. (a) The system uses 

thermal method to evaporate silicon and gold. The vertical distance between the 

evaporation sources and the sensor stage is ~30 cm. The thickness is controlled by the 

shutter with a calibrated crystal monitor.  (b) The top view as indicated from the arrow in 

(a) shows the arrangement of evaporation sources and the sample sensor. The 

configuration minimizes the possible non-overlapping problem due to applying a shadow 

mask. 

(a) 

(b) 
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Figure 6-2.  Au-Si equilibrium phase diagram (after H. Okamoto and T. B. Massalski, 

1987).  The dashed line indicates the highest temperature in nanocalorimetry scans. 
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Figure 6-3.  (a) The TEM bright field image of the as deposited Au(13.7nm)/Si(29.1nm) 

sample on a 20nm thick silicon nitride membrane. (b) The SAD pattern reveals that the 

sample consists of ploy crystalline gold and amorphous silicon. The intensity profile of 

the SAD pattern is shown in (c). 

100 nm Au on SiNx Sample 

SampleAu on SiNx 

(a) (b)

(c) 
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Figure 6-4.  The TEM analyses on the Si(3.7nm)/Au(15.7nm) sample influenced by 

heating. (a) The bright field image of the sample. The SAD pattern of the sample is 

compared with the patterns from a standard poly crystalline gold sample (b) and a reacted 

gold-silicon sample (c). 

100 nm 

(a) 

(b) (c)

Sample SampleGold Standard Totally reacted
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Figure 6-5.  Using caloric curve to determine the mount of deposited silicon on the 

sensor. The silicon mass (or thickness) is obtained by correlating the measured heat 

capacity curve with a calculated one from the specific heat capacity. 
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Figure 6-6.  The real-time nanocalorimetry results during the gold deposition.  The 

surface has originally been covered with a 3.7 nm thick silicon layer. Totally 5.9 nm gold 

has been deposited. First ~1nm gold adding to the surface only increases the heat 

capacity of the sample. Afterwards the evolution of two melting peaks has been observed. 

The melting peak B is from gold silicon eutectic alloy. The melting peak A is from a 

metastable phase. Both the eutectic alloy and the metastable phase show melting point 

depression in the early stage of thin film growth. 
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Figure 6-7.  TEM Analyses of the Si(3.7nm)/Au(4.3nm) sample prepared under similar 

experimental conditions described in Figure 6-5 where melting peak B dominates. (a) A 

bright field image of the sample. Silicon is plate like while gold can be large or small 

particles in between or attached to the silicon. (b) A STEM (z-contrast) image showing 

the locations of the gold (bright features). (c) A high-resolution image of one gold rich 

region on the silicon surface showing the gold and silicon lattice images. (d) A bright 

field image of bulk behaved gold-silicon eutectic. 
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Figure 6-8.  Continuing experiment initiated in Figure 6-6. Competitive growth between 

the gold-silicon eutectic alloy (peak B) and the metastable phase (peak A) has been 

observed in the real-time gold deposition. As more gold deposited on to the surface, the 

metastable phase dominates. 
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Figure 6-9.  The TEM images of the repeatedly quenched Si(3.7nm)/Au(15.7nm) sample 

that corresponds to the metastable phase (melting peak A in Figure 6-6 and 6-8). (a) The 

low magnification image shows the large area morphology of the sample. (b) The 

agglomerated sub-micron particles nearby the metal heater are the interested gold-silicon 

samples. (c) The SAD pattern of the sample reflects a complex crystalline structure. 
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Figure 6-10.  The double tilting experimental results on the gold-silicon metastable phase. 

The diffraction patterns are consistent with a B-centered orthorhombic unit cell with 

a=0.92 nm, b=0.72 nm, c=13.5 nm. The diffraction patterns corresponding to zone axes 

[100], [011], [101], [011], [111], [201] have been illustrated. 
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Figure 6-11.  A STEM (z-contrast) image of the Si(3.5nm)/Au(64nm) sample. Since the 

gold-silicide phase has light silicon atoms, the density is lower than that of the gold. One 

can clearly see that majority of the gold is in the center and silicide is on the shell or skin 

like. 

0.2 µm 
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Figure 6-12.  The strong epitaxial relation between the gold and the silicide is illustrated. 

The SAD pattern shows Au[111]//Au3Si[100]. A roughly 4 time relation has been found. 
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Figure 6-13.  The proposed model for real-time deposition experiment described in 

Figure 6-6 and 6-8.  (1) A layer of silicon film (4nm) is first deposited on the silicon 

nitride membrane.  (2) First several monolayers gold on top of silicon forms a mixed 

layer. No melting peak has been observed at this stage.  (3) The eutectic (melting peak B) 

and metastable phase Au3Si (melting peak A) form, showing size-dependent melting 

(beginning) and competitive growth (later).  (4) Finally only Au3Si phase presents at 

gold-rich region.  (5) Further depositing gold changes the morphology of the sample. The 

liquid expels excess gold to the solid gold core before solidification, thus the Au3Si phase 

is skin or shell like. Epitaxial Au3Si phase on gold can be observed. 
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Figure 6-14.  Heating and cooling experimental results of the metastable phase (melting 

peak A) sample and the metastable phase (melting peak A) plus eutectic alloy (melting 

peak B) sample. As one can see that eutectic alloy has much stronger supercooling than 

that of metastable phase. 
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Figure 6-15.  Illustrations on the phase formation.  Under the experimental conditions 

(quenching), “gold-rich” samples tend to form Au3Si phase; “silicon-rich” samples tend 

to form eutectic.  The phenomenon can be explained by the difference in nucleation and 

growth, or the difference in the liquid. Details can be seen in text. 
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Figure 6-16.  The caloric curves with excess gold showing the metastable phase melting 

peak.  The heat of fusion can be calculated by measuring the area under the melting peak. 

26.4 kJ/mol (in terms of Au3Si) is obtained independently. 
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Figure 6-17.  The caloric curve showing two melting peaks (metastable phase melting 

and eutectic alloy melting) can be used to estimate the heat of fusion of the eutectic alloy. 

The mount of silicon in the metastable phase can be calculated using the result from 

Figure 6-16.  
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CHAPTER 7 

 

SUMMARY AND FUTURE WORK 

 

 In terms of materials, the work presented in this thesis can be summarized as two 

parts: thermal behaviors of indium nanoparticles and gold silicide.  In terms of the work, 

it also consists of two parts: to study materials problems (Science) and to develop the 

nanocalorimetry technique (Engineering). 

 Engineering solutions are not that straightforward to scientific problems.  For 

example, TEM can obtain lattice images, but it does not mean that accuracy of the 

nanoparticle size distribution can reach the same level due to the background noise from 

substrates and characteristics of the sample.  Quantitative studies usually involve more 

experimental details.  The experimenters have to understand and to optimize these details 

in order to obtain clean results. 

 It is not surprising that researches on nanostructures and thin films can be 

complex and difficult.  My first project at here was to check if we could extract 

quantitative information from coalescence and ripening (small particles form larger 

particles releasing surface energy).  Finally, I could not separate or eliminate the 

extraneous signal from molecular desorption (1~2×10-8 torr, oil system).  Therefore, in 

indium experiment, only the reversible melting transition has been studied where the 

molecular adsorption/desorption effect is limited by the very short interval between 

continuous caloric scans (pulse heating).  The first several gold silicide experiments were 

performed in the same system at 10-8 torr vacuum level.  Up to 7 melting peaks had been 



 136

observed, and the results were not very repeatable.  The contamination from carbon and 

oxygen are the sources of the problem.  Similarly, the very first experiment in the UHV 

system was carried out at low 10-9 torr range using the Knudsen cell to evaporate silicon 

but Arsenic impurity was found by Auger analyses which came from the previous user.  

After the chemical cleaning and redesign the system, simple and reproducible results 

have been obtained and discussed in Chapter 6. 

 Nanocalorimetry can be a powerful experimental tool to study very small mount 

of materials, especially in nanostructures and thin films.  However, the designs of the 

experiment have to consider the nature of the problem.  Details of the experimental 

procedure have to be carefully examined.  At this stage, there is no absolute path to 

follow.  The experiments presented in this thesis can be references to the further work. 

 The resolution and accuracy of the heat capacity have already been good enough 

for current studies. The future main job is further to improve the data processing method, 

i.e., to establish the standard criteria for the data analysis, and to introduce robust 

methods in data processing.  

Besides the regular nanocalorimetry, the real-time experiment can be a 

straightforward method to observe the phase evolution in thin films. The experiment does 

not need to change the hardware.  Therefore it is easily to realize.  The application of this 

method is very promising. 

Cooling experiment introduced in this work can be another important application 

of nanocalorimetry.  The measurement only needs small improvement in the electronic 

hardware, but it allows tracing the quenching process, which could be helpful to explore 

the physical reasons for the experimental observation. 
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Annealing experiment and variable rate of cooling can be very useful tools as an 

extension of the nanocalorimetry measurement.  The sample can be annealed and slowly 

cooled before the nanocalorimetry scans instead of being quenched in each time.  Such 

studies can further combine with in-situ TEM analyses, for example, to study the 

metastable phase formation and kinetics.  However, such type of work probably needs 

good vacuum and oil free system to avoid residue gas molecule adsorption/desorption. 

For experiments that need non-adiabatic conditions, the nanocalorimeter can be 

further improved to work in different modes. For example, the heat compensated method 

used in Perkin-Elmer commercial systems.  Such experiments can be flexible from 

atmosphere to vacuum, from slow heating to rapid heating, from slow cooling to fast 

quenching, etc.  It is a connection between the adiabatic nanocalorimetry and traditional 

measurements.  Unfortunately, such experimental setup is still under developing. 

Materials studies are such a broad topic that can not be listed in simple sentences.  

Nanocalorimeter, as an experimental tool, can be powerful in measuring very small 

energy change in physical or chemical process.  However, since it is sensitive, many 

other effects can also be recorded.  Therefore, the experimenters have to be careful.  

Crosschecks are often of necessary. 
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