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The total enthalpy of reaction and heat capacity to 850 °C were measured using differential
scanning nanocalorimetry �nano-DSC� for the reaction of a nickel and silicon bilayer at heating rates
up to 106 K /s. Exothermic dips in heat capacity attributed to nickel silicide formation were found
along with indications of phase changes at 430 and 550 °C. The postreaction phases were identified
using electron backscattered diffraction. Samples with a Ni:Si molar ratio of 1.2 heated to 850 °C
were a mixture of orthorhombic NiSi and the �-phase �hexagonal—Ni2Si�; samples heated to
790 °C resulted in predominantly NiSi. © 2009 American Institute of Physics.
�doi:10.1063/1.3255009�

Nickel silicides are used as contact and potential gate
materials in advanced complementary metal-oxide semicon-
ductor devices. Nickel �Ni� forms a number of phases with
silicon �Si�. Ni–Si reactions have been studied with x-ray
diffraction,1–4 transmission electron microscopy,5,6 Raman7

and Auger-electron spectroscopy,3,8 Rutherford backscatter-
ing �RBS�,9 and electron back-scattered diffraction
�EBSD�.10,11 However, none of these techniques can quanti-
tatively measure energetics of reactions.

Differential scanning nanocalorimetry �nano-DSC� was
used to investigate Ni–Si reactions by measuring the heat
capacity �Cp� of thin films using a silicon nitride �SiNx�
membrane sensor with a platinum �Pt� strip used as both a
heater and temperature sensor;12 this technique has been
used on a number of materials such as nanoparticles,13

polymers,14 and metal thin films,15,16 but the temperature for
quantitative measurements has been below 500 °C. Higher
temperature measurements are challenging due to instability
of the sensor temperature coefficient of resistivity �TCR�
possibly due to stress induced voiding, electromigration, and
alloying of Pt �50 nm� with the Ti adhesion layer ��3 nm�.17

Calibration of the sensor is performed in a vacuum furnace;
calibration at high temperatures is difficult due to current
leakage and shunting through the substrate.

Instability in the sensor TCR is reduced by annealing
the platinum resistor/sensor to �850 °C. The TCR of the
platinum strip was then calibrated in a vacuum furnace to
400 °C. A fourth order polynomial, the Callendar–Van
Dusen �CVD� equation, for TCR in Pt was used to extrapo-
late the calibration up to 850 °C.

Investigation of the reaction between Ni and Si poses
challenges. First, since the reaction is irreversible, averaging
cannot be used to reduce noise. Second, both Ni and Si oxi-
dize in air. Third, lattice rearrangement of the as-deposited Si
and Ni films could occur as the temperature is raised. Any
energy associated with it would interfere with the enthalpy
measurement in the first pulse. For this purpose, in situ an-

nealing steps were performed after depositing each film.
The sample remained under vacuum in the electron-

beam evaporator through the deposition and measurement in
order to prevent oxidation of Ni and Si. A shadow mask18

was used to restrict deposition to the active area of the sen-
sor. A sensor with no sample was used as a reference. Base
pressure during evaporation was 5�10−5 Pa; all measure-
ments were performed at pressures below 7�10−5 Pa. Us-
ing the measured Cp and bulk values for density and specific
heat, the sample contained 5.6 nmol of silicon, equivalent to
a thickness of 25 nm; and 6.7 nmol of nickel, equivalent to a
thickness of 17 nm �molar ratio Ni /Si=1.2�. The grain size
of the reaction products is large at tens of micrometers. RBS
thickness measurements on a control silicon wafer with
66 nm of gold �to separate the substrate RBS signal from
the deposited Si� gave thicknesses of 27 nm for Si and 16 nm
for Ni, in close agreement with the Cp-based thickness mea-
surements.

The experiments consist of the following stages—�a� Cp
measurement before evaporation �to establish a baseline�, �b�
Si deposition, �c� annealing Si by applying current pulses
�heating to �800 °C�, �d� Cp measurement after Si deposi-
tion, �e� Ni Deposition, �f� annealing and Cp measurement
up to 150 °C after Ni deposition, �g� final Ni–Si reaction—
initiated by heating sample while measuring Cp, and �h� ad-
ditional heating cycles to confirm the completion of reaction,
and to measure the Cp of the end products. For each Cp
measurement �except the final Ni–Si reaction �g��, the
sample was heated at four different heating rates, by varying
the applied current. This data was used to correct for heat
losses.12

EBSD in a scanning electron microscope �SEM� at
30 kV was used to identify the reaction products. Digital
images �672�512 pixel2� were recorded and EBSD patterns
were indexed using HKL FLAMENCO software using patterns
from the PDF database which identified NiSi �PDF 38–0844,
orthorhombic, a=0.523 nm, b=0.566 nm, c=0.326 nm�
and �-Ni2Si �PDF 65–1931, hexagonal, �-nickel-silicide, a
=0.3805 nm, c=0.489 nm�.a�Electronic mail: l-allen9@uiuc.edu.
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Figure 1 shows the experimental data. An exothermic
reaction is seen in the first 10 ms pulse, characterized by a
sharp rise in the heating rate between 300 and 750 °C �Fig.
1�b��. Subsequent pulses do not show this peak indicating
that the reaction was completed.

The enthalpy of reaction �HR� was calculated by isolat-
ing the exothermic peak in the first cycle by subtracting heat
capacity of the first cycle from the second cycle as derived
below:
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where TS is sample temperature, CPPulse# is the CP as shown
in Fig. 1�c�, CPTot is the heat capacity of the sensor and
deposited films which in pulse 01 changes from the CP of the
unreacted components to that of end products; PL is the rate
of heat loss due to conduction. Figure 1�d� shows the nega-
tive peak �dHR /dTS�. This peak shape with an abrupt drop
beyond 700 °C is typical for experiments with various Ni

and Si molar ratios, indicating that the reaction stops quickly
once all the silicon is consumed. By integrating this peak
with respect to sample temperature, and referring the result
�570 �J� to the standard temperature 298 K �using data from
Ref. 19�, we estimate the enthalpy of the complete reaction,
which is found to be −565 �J. The average enthalpy per
mole of atoms of Ni and Si deposited is �46 kJ. For com-
parison, the published heats of formation of NiSi and �-Ni2Si
�orthorhombic� are �42.4 and �46.9 kJ per mole of atoms,
respectively.20 The value for �-Ni2Si is reported for compari-
son, as no value for �-Ni2Si was found in the literature.

Accuracy of the heat of formation measurements de-
pends on error due to �1� noise ���1%�, �2� temperature
deviation from the CVD equation. Using aluminum melting
point as a reference we estimate this to be �9%, which leads
to a �9% uncertainty in HR assuming a uniformly distrib-
uted error, but could be larger if temperature error is concen-
trated at high temperatures, �3� temperature variation due to
sample misalignment, which is calculated to be about 1% for
the sensor and shadow mask designs used. We estimate the
total uncertainty in our current HR measurements to be below
�10%.

Nickel and silicon go through a number of reactions be-
tween 300 and 800 °C.1 In situ x-ray diffraction1 measure-
ments during Ni–Si reactions for films with a similar molar
ratio formed Ni2Si from 300 to about 500 °C, and NiSi was
found from 500 up to 700 °C. We see a clear signature of
distinct reactions at different temperatures in our measure-
ments as variations in the heating rate ��Fig. 1�b��. The de-
rivative of the exothermic region �d2H /dT2� shows three
negative peaks at 280, 430, and 550 °C �Fig. 1�e��. The po-
sition of the 430 °C peak and the 550 °C peak coincide well
with observations1 of Ni2Si and NiSi, and another at 280 °C
which may correspond to their unidentified phase.1

Sixty EBSD patterns collected along a line were manu-
ally indexed. A mixture of NiSi and �-Ni2Si was found. 48 of
the 60 patterns could be indexed. Of those, 28 were found to
be NiSi and 20 were �-Ni2Si. Figures 2�a� and 2�b� shows
typical indexed EBSD patterns.21 Ni2Si is reportedly stable
above 825 °C and has also been found in co-sputtered Ni–Si
mixtures quenched at around 420 °C.11 Our samples reached
850 °C and cooled rapidly.

To understand the role of peak temperature in Ni2Si evo-
lution an identical sample was heated to just 790 °C. Of the
EBSD patterns that could be indexed, only one was �-Ni2Si
while all the others matched NiSi �Fig. 2�d��. A key differ-
ence between our measurements and those of others11 is our
much higher heating rate, which suggests that reaction kinet-
ics have an influence on the final reaction products. Figures
2�e� and 2�f� show the grain structure of the reaction prod-
ucts after the complete Ni–Si reaction ��800 °C�.

In conclusion, we have performed in situ nanocalorimet-
ric measurements of heat capacity and enthalpy of Ni–Si thin
film interfacial reactions. The reaction between the nickel
and silicon films proceeded to completion in a single 10 ms
experiment. Several phase changes/reactions were seen in the
heat capacity measurements during the first heating cycle.
Samples that remained below 800 °C were found to result in
predominantly NiSi, while samples heated to 850 °C formed
�-Ni2Si.

Nano-DSC �nanocalorimetry� can be effectively used to
understand the energetics of thin film and interfacial reac-

FIG. 1. �Color online� �a� Temperature profile. �b� Heating rate. �c�
Heat capacities of the sensor and film at various stages of the experiment
after accounting for heat loss. The top green line �Standard DSC� is from
a conventional DSC �scan rate: 20 °C /min�. Due to the small sample
volume, the conventional DSC measurement is considered as arbitrary
units for qualitative comparison; �b� the reaction peak—dHR /dT
�CPpulse01–CPpulse02. �e� Derivative of the peak which shows three dis-
tinct inflection points.

181911-2 Kummamuru et al. Appl. Phys. Lett. 95, 181911 �2009�

Downloaded 06 Nov 2009 to 130.126.103.206. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



tions and make quantitative heat capacity and enthalpy mea-
surements of solid state reactions even in cases where com-
plex phase changes occur.
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FIG. 2. �Color online� �a� Indexed EBSD pattern corresponding to the
�-Ni2Si phase found in the sample heated to 850 °C. �b� Indexed EBSD
pattern of the NiSi phase found in sample heated to 850 °C. �c� Heat ca-
pacity results from a sample that was heated to a lower temperature �790 °C
in the first pulse� and �d� the indexed EBSD pattern of the end product
�NiSi� of this experiment. �e�, �f� Grain structure of the reaction products of
sample heated to 850 °C.

181911-3 Kummamuru et al. Appl. Phys. Lett. 95, 181911 �2009�

Downloaded 06 Nov 2009 to 130.126.103.206. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2799247
http://dx.doi.org/10.1038/nature02198
http://dx.doi.org/10.1016/j.apsusc.2006.07.091
http://dx.doi.org/10.1016/j.msea.2005.05.106
http://dx.doi.org/10.1016/j.msea.2005.05.106
http://dx.doi.org/10.1016/j.tsf.2007.02.020
http://dx.doi.org/10.1063/1.2338019
http://dx.doi.org/10.1063/1.2338019
http://dx.doi.org/10.1016/j.mee.2007.07.002
http://dx.doi.org/10.1049/el:20070203
http://dx.doi.org/10.1016/0040-6090(85)90397-9
http://dx.doi.org/10.1063/1.2716362
http://dx.doi.org/10.1063/1.2716362
http://dx.doi.org/10.1149/1.2955580
http://dx.doi.org/10.1016/j.tca.2003.08.019
http://dx.doi.org/10.1103/PhysRevLett.85.3560
http://dx.doi.org/10.1103/PhysRevLett.91.085703
http://dx.doi.org/10.1103/PhysRevLett.91.085703
http://dx.doi.org/10.1021/la900898r
http://dx.doi.org/10.1063/1.120946
http://dx.doi.org/10.1063/1.1832741
http://dx.doi.org/10.1023/A:1008947612157
http://dx.doi.org/10.1088/0960-1317/18/9/095027
http://dx.doi.org/10.1007/BF02868885
http://dx.doi.org/10.1021/cr00102a003
http://dx.doi.org/10.1107/S0365110X52001003

