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The kinetics of intermediate phase formation between ultrathin films of Pd (12 nm) and

single-crystalline Si (100) is monitored by in-situ nanocalorimetry at ultrafast heating rates. The

heat capacity curves show an exothermic peak related to the formation of Pd2Si. A kinetic model

which goes beyond the conventional linear-parabolic growth to consider independent nucleation

and lateral growth of Pd2Si along the interface and vertical growth mechanisms is developed to fit

the calorimetric curves. The model is used to extract the effective interfacial nucleation/growth and

diffusion coefficients at the unusually high temperatures of silicide formation achieved at very fast

heating rates. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4800934]

The fabrication of nm-size transistors in complementary

metal-oxide-semiconductor (CMOS) technology highly

depends on the formation of low-ohmic contacts by the reac-

tion between silicon and a thin metallic layer. As the dimen-

sions of the devices are reduced to the nm scale, the

thermally induced solid-state formation of the silicide phase

becomes extremely dependent on process parameters and ma-

terial characteristics, such as metal thickness, substrate orien-

tation, or surface roughness.1–3 The reaction has often been

analyzed by in-situ X-ray diffraction (XRD) to monitor

sequential phase formation during a temperature excursion or

isothermal measurements. At faster heating rates, synchrotron

radiation offers a promising route to in-situ characterize the

silicide reaction4,5 and can be combined with electrical or

optical measurements to obtain complementary information

on the reaction. A suitable method to access the thermody-

namic and kinetic parameters of a reaction is differential

scanning calorimetry (DSC).6 It has been previously used to

characterize reactions in thin multilayer systems7,8 and also

amorphous and polycrystalline thick layers on substrates.9

Recently, a study of Pd2Si formation between 50 nm thick

films of Pd with a thin monocrystalline Si substrate was car-

ried out by conventional DSC at heating rates ranging from

25 to 100 K/min.10 However, techniques such as rapid ther-

mal annealing (RTA) (heating rates, b� 100 K/s) or pulsed

laser annealing (PLA) (b� 106–107 K/s) are gaining wide-

spread use in nm-scale devices because of their superior con-

trol in the activation and localization of dopants.11 PLA is

also being tested for Si-rich silicide formation12 because of

the reduced thermal budget relative to those of conventional

furnace annealing approaches. The use of very thin films and

faster heating ramps in silicide formation can modify the

temperature of the reaction and may, as well, introduce

changes in the physical-chemical mechanisms that control

the development of the intermediate phases. Therefore, it is

questionable if conventional DSC studies on thick films at

close to 0.67 K/s may be informative enough of reaction

processes occurring at the much higher heating rates relevant

for nm-size chip contacts. As a consequence, it is relevant to

check if different factors control the kinetics in fast thermal

processing. Extension of previous studies to analyze interme-

diate phase sequence and formation at higher heating rates to

mimic real processing will thus provide a better understand-

ing about the phase formation by reactive diffusion in thin

films and devices.13 Only recently, first measurements by fast

scanning nanocalorimetry on Ni/amorphous Si thin films at

heating rates of 105 K/s have been reported,14 but no compa-

rable data exist yet on the more interesting reaction between

an ultrathin metal layer and monocrystalline Si at such fast

heating rates. We report an in-situ study of silicide formation

at ultrafast heating rates, spanning 3–10 � 104 K/s, between

a metal, in this case Pd, and monocrystalline Si. We use

Pd-Si as a model system since only one stable phase, hexago-

nal Pd2Si, forms below 700 �C. In addition, we show that

nanocalorimetric data can be fitted with a model that includes

independent interfacial nucleation/lateral growth and vertical

growth processes to extract the most relevant kinetic

parameters.

Thin film nanocalorimetric sensors with a sensitive area

made of single-crystalline Si (100) were microfabricated

starting from silicon on insulator wafers following a proce-

dure described elsewhere.15 The calorimetric chips were

mounted on a custom made probe in differential configura-

tion.16 The native oxide covering the surface of the 300 nm

thick Si (100) single crystal was etched with a 5% diluted

HF solution to obtain an H-terminated Si surface. A self-

aligned shadow mask was used to deposit the Pd film on the

sensitive area of the sensor. Pd was grown from pure Pd

pellets (99.95% purity) at room temperature by electron

beam evaporation in a Leybold UNIVEX 450 high vacuum

chamber. The Pd thickness was estimated with a quartz

crystal monitor located nearby the calorimetric cells.

Nanocalorimetric measurements were carried out in-situ at a

base pressure of 2 � 10�6 mbar and therefore heat losses due
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to convection and conduction through the atmosphere can be

neglected.17

The nanocalorimetric measurements consisted of the

following consecutive steps: (a) 100 successive scans up to

temperatures around 850 K to obtain the initial offset in heat

capacity between the empty calorimetric cells (baseline cor-

rection), (b) Deposition of 12 6 1 nm thick Pd films at a rate

of 0.10 6 0.01 nm/s, (c) Annealing of the Pd layer at 375 K

for 15 min, (d) Calorimetric scan up to 850 K to complete the

Pd-Si reaction, and (e) 100 consecutive temperature scans

after the silicide reaction is completed. The second, post-

reaction, scan is used for baseline subtraction in order to

obtain accurate data to model the calorimetric traces. Several

heating rates were used in step (d) to extract kinetic informa-

tion of the intermetallic reaction on different samples of

identical thickness. Since the reaction is irreversible, the

averaging of multiple scans, widely used in fast scanning

nanocalorimetry to improve the signal-to-noise ratio, is not

useful and the first scan after Pd deposition contains all the

valuable information of the silicide reaction. The noise in the

heat capacity in the single scans is around 0.4 nJ/K at 300 K.

The temperature calibration was independently determined

afterwards on every chip by measuring the melting point of

Sn and Al layers, grown on top of the Pd2Si after capping by

a thin insulating film. Cross sectional transmission electron

microscopy (XTEM, Jeol JEM-2011 at 200 kV), field

emission scanning electron microscopy (FESEM, Carl Zeiss

Merlin, operated at 1 kV), and micro X-ray diffraction

(lXRD, Bruker D-8 Advance system coupled with a Gadds

detector with Cu Ka, k¼ 1.5418 Å) were used to characterize

the final product of the transformation after thermal ramping.

Figure 1 shows the calorimetric experimental data for a

sample measured at 3� 104 K/s. The onset of the silicide

reaction occurs at �9 ms, where a large variation of the slope

in the differential voltage signal is observed. The growth of

the Pd layer slightly delays the temperature of the sample

calorimetric cell with respect to the empty reference cell up

to the onset of the reaction (Fig. 1(b) and inset). The acceler-

ation in the temperature evolution is more clearly identified

in Fig. 1(c) that shows the increase of the heating rate as a

consequence of the exothermic reaction in the sample during

the first scan (red curve). Finally, the specific heat capacity is

obtained by applying corrections due to different addenda

and heating rates (b) between the sample and the reference

cell (Fig. 1(d)). It is clearly observed that the Pd2Si is com-

pletely formed before 730 K during the first pulse and no

more exothermic reactions are observed on successive scans.

The subtraction of the 1st and 2nd scans for the three

heating rates results in the calorimetric traces shown in

Fig. 2(a). Integration of the exothermic peaks yields an en-

thalpy of formation DHf¼ 260 6 20 J/g in agreement with

previously reported values 260.2 6 10.1 J/g (Ref. 19) and

259.0 6 9.7 J/g (Ref. 20) for Pd2Si formation. Similar agree-

ment was found in the analysis of the reaction between Ni

and a-Si by fast-scanning calorimetry and DSC.13,14 Our

result do not exclude, however, that thinner films may have

variations in the enthalpy of formation due to size effects.

On the other hand, the Kissinger analysis indicates an appa-

rent activation energy Eap¼ 0.40 6 0.05 eV greatly differing

from the activation energy of �0.8 eV extracted from the

DSC data of Hoummada et al.10 at low heating rates (in the

range 0.4–1.7 K/s) with 50 nm thick Pd layers.

To gain more insight into the specific thermodynamic

processes playing a role in the formation of the silicide and

their activation energies we carry out a detailed simulation

of our calorimetric data. Our first attempt consists of fitting

the experimental data shown in Fig. 2 using a linear-

parabolic model to match calorimetric traces measured at

slower heating rates.10 However, the abrupt onset of the

peaks in Fig. 2(a) could only be obtained by introducing the

nucleation of the silicide phase. The differences between

both models can be appreciated in Fig. 2(b). The proposed

model considers the formation of a single phase, Pd2Si, fol-

lowing two main processes: nucleation and lateral growth of

Pd2Si along the initial interface and vertical growth of the

silicide phase. Its main features have been previously

described in other systems.8,21,22 Briefly, the fraction of

FIG. 1. Calorimetric data obtained during an up scan at a heating ramp at

�3 � 104 K/s till 850 K. Black curve: difference between empty calorime-

ters; red curve: difference between sample (1st scan) and reference; blue

curve: difference between sample (2nd scan) and reference cell. (a) Voltage

difference as a function of time. (b) Temperature of the sample calorimetric

cell versus annealing time. (c) Heating rate (b) vs. temperature during calori-

metric scans. (d) Specific heat capacity data as a function of temperature.

FIG. 2. (a) Specific heat capacity difference between 1st and 2nd scan vs.

Temperature for 12 nm Pd samples measured at three different rates. The

continuous lines correspond to the calculated data using the nucleation and

growth model. (b) Comparison between linear-parabolic growth (LP) and

nucleation and growth models (NG) (see supplementary material for further

details).18 The dotted lines within the NG peak are the interface and vertical

contribution to the calorimetric peak. (c) T-HR-T diagram for the Pd2Si

formation compared with DSC data from Ref. 10.
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silicide phase that is formed at the Pd/Si interface can

be written within the Johnson–Mehl–Avrami–Kolmogorov

model as (see supplementary material)18

xLðTÞ ¼ 1� expð�xext
L ðTÞÞ; where

xext
L ðTÞ ¼ p

ðT

T0

IðT0Þ
bðT0Þ

ðT

T0

ULðT00Þ
bðT00Þ dT00

� �2

dT0; (1)

where both the nucleation rate, I, and the lateral growth rate,

UL, have an Arrhenius temperature dependence, b is the

heating rate which is temperature dependent, and the initial

nuclei have been assumed to be cylinders with negligible ra-

dius ro and height Lo. The vertical growth of the new phase

can be either reaction or diffusion controlled, following the

growth laws, L2 / Dt or L / Kt , respectively, where L is

the thickness of the Pd2Si film, D is an effective diffusion

coefficient that does not discriminate in which direction is

the new film growing (i.e., consuming Pd or Si) and K is the

interfacial reaction constant. The DCP can be calculated as

the temperature derivative of the total transformed fraction,

x, multiplied by the reaction enthalpy, DH, DCpðTÞ ¼ DH dx
dT.

The calculation is performed in a discrete way for every nu-

cleus. When a certain fraction of Pd2Si has vertically grown

enough to reach the final thickness of the silicide layer, Lf, it

stops growing. This approximation produces a smooth end-

ing of the calorimetric peaks provided the nucleation/lateral

growth along the interface remains the limiting mechanism.

The presence of a single peak is related to the significant

overlap between the interfacial nucleation and growth and

the vertical growth (Fig. 2(b)). The model reproduces satis-

factorily the calorimetric traces measured at heating rates

33� 103 K/s and 58� 103 K/s, but fails to explain the curve

width measured at 95� 103 K/s. The best fit for the experi-

mental data have been obtained using the values shown in

Table I (see supplementary material).

The activation energy obtained from the Kissinger

method, 0.4 eV/at, is compatible with the apparent activation

energy for the reaction at the interface, EA. Therefore, our

model suggests that the thermodynamic processes control-

ling the formation of Pd2Si at the very fast rates used in this

work are related to the nucleation and lateral growth during

the initial stages of growth. The results of our fast scanning

nanocalorimetry experiments and those already reported by

conventional DSC are summarized in the temperature-

heating rate-transformation (T-HR-T) diagram shown in

Fig. 2(c). In this T-HR-T diagram, the temperature needed to

achieve �10% volume fraction of Pd2Si (or �2.2 nm thick

Pd2Si) is plotted as a function of the heating rate. To fit the

data from Ref. 10, an initial interlayer of palladium silicide

of thickness 4 nm had to be added to the model in accordance

with the finding that sputtered Pd films on Si form an inter-

mediate layer during the deposition process.23 These data

highlight the difference in the transformation mechanism

observed between conventional DSC on sputtered Pd layers

and fast-scanning nanocalorimetry on Pd films grown by

electron beam evaporation at room temperature. The change

in the activation energies could originate from a true change

of mechanism induced by the large variations in heating rate

or from differences in the initial surface state of the Si wafer.

The formation of a thin SiO2 layer on the Si surface during

the initial measurement protocol (baseline determination)

may inhibit the initial reaction at almost room temperature

between Pd and Si, retarding the nucleation of the new phase

and, enhancing the overlap of the calorimetric traces associ-

ated to the nucleation and growth and the vertical growth of

the silicide phase as shown in Fig. 2(b). XTEM observations

have not revealed the presence of the oxide at the interface

between Pd2Si and Si, however, we do not rule out the possi-

bility of an oxide mediated formation of the silicide phase,

as has been observed in other investigations.24,25

The FESEM image shown in Fig. 3(a) corresponds to

the surface of a sample heated up to 850 K at 33 � 103 K/s.

The surface is smooth and contains microcracks oriented

parallel to the Si (001) planes. The presence of cracks at the

surface may be related to built-in stresses during the silicide

growth. When the sample is cycled many times (Figure

3(b)), the microstructure dramatically changes by generating

a high density of protrusions and increasing the roughness of

the surface. The images obtained using the backscattered

electrons (BSE) show that substantial cycling introduces

inhomogeneities in composition which correspond to areas

with different Pd-Si ratios (inset of Figure 3(b)). The

agglomeration of Pd2Si is well documented for isothermal

reaction studies of Pd on Si (001).26 Our results show that

fast heating reduces Si segregation and yields smother films

which may be advantageous for chip interconnections. The

XTEM images (shown in SM) confirm the roughness of the

samples after substantial cycling. Electron diffraction (ED)

performed on film section (Fig. 3(c), inset) corroborates the

formation of the Pd2Si hexagonal structure (PDF 00-019-

0893). No evidence of free palladium is detected. ED with

almost discrete spots indicates a preferred orientation of the

grains. The XRD pattern (Fig. 3(c)) confirmed the preferred

orientation of the Pd2Si layer along the [00l] direction, as

008 reflection peak presents a larger intensity than that

expected when compared with the powder diffraction pat-

tern. Also, no reflections corresponding to the palladium

were observed, confirming the consumption of the whole Pd

layer during the process.

In conclusion, we have performed in-situ nanocalorimet-

ric experiments and measured the heat capacity during the

reaction between 12 nm Pd thin films and single-crystalline

Si (100) at ultrafast heating rates. The enthalpy of the reac-

tion is consistent with values reported at slower heating rates

for the formation of Pd2Si, the only phase observed in

XTEM and lXRD analysis of the samples. By modeling the

calorimetric signal, we determined the kinetics of the

TABLE I. Values used for the modeling of the calorimetric signal.

Uncertainties are estimated from the tolerance to produce comparable chi2

in the fit.

(IUL
2)1/3¼Aoexp(�EA/kBT)

Ao (4.0 6 0.5) � 105 nuclei/s

EA (0.38 6 0.04) eV

D¼Doexp(�ED/kBT)

Do (0.05 6 0.04) cm2/s

ED (1.00 6 0.20) eV

Lo, Lf 2 6 1 nm, 20 6 1 nm
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reaction is limited by the nucleation and lateral growth along

the Pd/Si interface.
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