J. Am. Chem. So@001,123,1645-1649 1645

Composition Dependence of the Nucleation Energy of Iron
Antimonides from Modulated Elemental Reactants

Joshua R. Williams, Mark Johnson, and David C. Johnson*

Contribution from the Department of Chemistry and Materials Science Instituteelsity of Oregon,
Eugene, Oregon 97403

Receied October 26, 2000

Abstract: Modulated elemental reactants containing iron and antimony were found to react at low temperature
(T < 200°C) forming either FeShor FeSh depending on both the layer thicknesses and the overall composition
of the initial reactant. For films containing 75% antimony and 25% iron, the metastable compoundvasSh
observed to nucleate and grow if the layer thickness was below approximately 35 A. Above this critical thickness
for the modulation, annealing led to the formation of FeSlhis, combined with low-angle diffraction data,
suggests that the initial interdiffusion between iron and antimony layers in an elementally modulated reactant
results in the formation of an amorphous reaction intermediate if the layering thickness is less than 35 A. For
modulated reactants with composition between 70 and 90 atomic % antimony and below this critical layer
thickness, the metastable compound Fefdbmed. In more iron-rich modulated reactants FeBbicleates.

The nucleation temperature and the nucleation energy offwe&te found to be a function of the composition

of the amorphous intermediate, while those of Fe8bre found to be relatively independent of composition.

has been shown to be potentially useful as a thermoelectric.
) ) ) Thermoelectrics are materials that create a temperature dif-
Every organic chgmlst knows that knowledge of reaction ferential when a current is passed through them. The compound
mechanisms is critical to controlled synthesis. A reaction CoSh with the skutterudite structure has been shown to have
mechanism provides guidance for optimizing yields as well as 5 |3rge Seebeck coefficient (the voltage produced by a temper-
extending a reaction to new reactants. Relative to molecular 5¢r¢ gifferential across a sample) and a low resistivity, both of
chemistry, the situation in solid-state chemistry is complicated \ynich are important for thermoelectric device#hat makes
because the reacting systems are generally heterogeneousyis structure type potentially very useful as a thermoelectric,
temperatures are usually quite high, and techniques to follow q\yever, s that skutterudites have been shown to be a member
reactions are very limited. Despite these difficulties, there has 4t 5 class of materials that behave as glasses with respect to
been increasing emphasis by solid-state chemists aimed atnermal transport but as crystals with respect to their electron
gnderstandmg the kinetics and mechanism of solid-state reac‘transport propertiesThis phonon glass-electron crystal behav-
tions because there are undoubtedly a great number of Veryjor first proposed by Slackyesults from the large amplitude
interesting compounds that would be kinetically stable if we ¢ vipration of a ternary cation, Min the M,M,Shy filled
only knew how to make thert? skutterudite structure. The 'Mation resides in a 12-coordinate
Our approach to this challenge has been the development ofsjte in the crystal and the size of this site is determined by the
modulated elemental reactants. In this approach, we use high-atomic radius of the antimorfyThe amplitude and frequency
vacuum deposition techniques to deposit alternating layers of of the vibration depends on the size and mass of the ternary M
desired elements. This approach gives angstrom level controlcation, with small, heavy cations scattering lower frequency
of the thickness of each layer, allowing the diffusion distances |attice vibrations. Compounds with small and heaviydtbms
and composition within each reactant to be controlled. We have on one crystallographic site are desired to lower thermal
shown that with this approach we have the ability to prepare conductivity while substitutions on the other sites optimize the
metastable compounds if these compounds nucleate before thelectrical properties by controlling the number of carriers.
competing thermodynamically more stable phases in the relevantynfortunately, many compounds of this type, for example
phase diagrams. The designed nature of the starting reactant u,Co,Fes«Shi,, are thermodynamically unstable for &land
also permits us to explore the reaction mechanism as a functiony presumably because of the weak bonding of the small M
of the structure of the initial reactaht. cation?®

Recently we were able to prepare the metastable compound
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The interest in skutterudites as thermoelectric materials hasTable 1. Summary of Samples Prepared To Determine Critical
resulted in significant synthesis activity aimed at preparing new Thickness
members of this structure type. The original structure of Fe Sb
skutterudite was determined from a naturally occurring crystal sample intend intend intended actual A% Sb A% Fe phase
of CoAs; first found in Skutterud, Norway. The corresponding  A-4 1.4 294 30.8 26 78.2 21.8 FeSb
binary compounds M¥ where M= Co, Rh, Ir and X= P, A-3 22 441 46.3 44 84.9 15.1 FeSb
As, and Sb, along with the isostructural nickel compoundsNiP A2 29 588 618 53 852 148 FeSb
have all been shown to be thermodynamically stable compounds 37 735 77.2 80 84.6 154 FesSb
at atmospheric pressure and below the temperatures at which
they peritectically decompo$eAs mentioned earlier, ternary ~ of the samples was found to be repeatable to within about 5% over a
“filled skutterudite” compounds have also been prepdréd. period of several months. The films were simultaneously deposited on
the ternary phosphorus and arsenic skutterudites, the occupancgil'con chips and photoresm_t-coat_ed S|I|co_n wafers. The S|_I|con_ substrates
of the ternary cation site in NMaX15, x, ranges from O to 1. ere used for low-angle diffraction studies. Free-standing films were

. . , prepared from the coated substrates by soaking them in acetone, which
For the ternary antimonides'MCosShio, however, M must be dissolved the photoresist. The elementally modulated film particles were

a large electropositive cation and only partial occupancy (Iess ¢qjiected from the acetone by filtration with Teflon filters. These free-

than 25%) is possible via traditional synthesis techniqd®s.  standing films were used in the calorimetry investigations.

Some ternary compounds MfS#, are thermodynamically Low-angle X-ray diffraction was used to characterize the multilayer
stable at atmospheric pressure and below temperatures at whiclperiodicity and to study the interdiffusion of the elements. The repeat
they peritectically decompose, but only for large M atoms such thickness was determined from the position of the Bragg diffraction
as Ba, La, and some of the early rare eaftHsThe binary maxima. The total film thickness was determined from the higher

compound FeSpand ternary compounds Migh,, where M frequency oscillations resulting from interference of the X-rays between
is a small cation such as a later rare earth metal or a postthe front and back of the films. High-angle X-ray diffraction was used

transition metal such as indium, tin, or lead, are not thermo- to identify crystallm_e compoun(_js. C‘?ppe“w?d'at'on was used in
- 2 both the low- and high-angle diffraction studies that were performed
dynamically stablé:

on a Scintag XDS 2000 diffractometer. The average composition of
The ability to prepare the metastable compounds Fagd the multilayer films was determined by electron microprobe analysis
ternary skutterudites with small ternary cations from modulated using an energy-dispersive X-ray detector.
elemental reactants at low temperatures (less than °2)0 Samples were annealed in a nitrogen atmosphere or in a dynamic
prompted us to explore the reaction mechanism of skutterudite vacuum better than 18 Torr. Substrate-free samples were annealed
formation. This paper explores the effect of both layer thickness in a differential scanning calorimeter _ceII under rowing_ nitrc_)gen.
and composition on the evolution of F6b modulated reactants. ~ Measured exotherms were correlated with X-ray results to identify and
A critical thickness for the repeating unit of the modulated track the interdiffusion of the elements and the crystallization of any
reactant is observed, below which the metastable binary compounds.
compound FeSpforms if the composition is greater than 75  Resyits
atomic % antimony. If the repeat thickness is greater or if the o ) )
composition is more iron rich, the thermodynamically stable ~ We prepared over 35 samples containing repeating thin
compound FeShis formed. We have measured the nucleation elemental Iayers of iron and antimony to explo_re the effect of
temperature and the activation energy for nucleation as aboth layer thickness and composition on the kinetics of phase
function of composition. These results provide insight for a formation. The samples contained in Table 1 were prepared to
rational strategy for the synthesis of other metastable com- determine the effect of layer thickness on the evolution of the
pounds. initial reactants. The samples in Table 2 were all prepared with
layer thicknesses below the critical layer thickness determined
from the samples in Table 1. The samples with labels starting
with the letter B in Table 2 were all prepared with a constant
The elementally modulated reactants were prepared in a high-vacuumantimony layer thickness of 11.3 A. The iron layer thickness
evaporation system that has been described in detail elsewhere. Brieflywas then varied systematically to change the overall composi-
the elements were sequentially deposited in high vacuum (lower than-tion. The samples with labels starting with the letter C were all
5 > 10" Torr) under the control of a personal computer. The pumping hrenared with a constant iron layer thickness of 0.3 A. Figure
of the deposition system is by a CTI cryopump. The gas pressure during; y;, strates the agreement between the intended total repeat
deposition was limited by the outgassing of the deposition sources butI . . ) )
ayer thickness and that measured using low-angle X-ray

was typically below 1x 1077 Torr. Iron was deposited from electron . . S
beam evaporation sources at a rate of 0.5 A/s. Antimony was depositedd'ﬁracuon' In all cases the agreement is within 2 A. The actual

using an effusion cell at approximately the same rate. Each depositionth'CkneSS_ was determined using either Bragg dlffrac_:tlon maxima
source was independently monitored using a quartz crystal thicknessOr the higher frequency maxima resulting from interference
monitor allowing the thickness of each elemental layer to be controlled between X-rays reflected from the sample surface and the
to better than the nearest angstrom. The repeat thickness (sum of thesilicon—sample interface. Compositions determined from mi-
individual elemental thicknesses) for all of the samples was varied to croprobe analysis agree well with that calculated from the
determine the critical thickness at which the System did not interfacia”y |ntended |ayer tl‘ucknesses us|ng reasonable es“mates for the
nucleate. All subsequent films were prepared with a total layer thickness density of the deposited elements.
well belqw this crm_cal th_lckness (35 A) to increase the probablll_ty We prepared the samples in Table 1 to investigate the effect
that the films would interdiffuse at low temperatures without nucleating £l thick h f ti t th fi .
binary compounds at the reacting interfaces. The elemental compositiono ayer tnickness on phase formation at the reacting-ron
antimony interface. All of the samples in Table 1 have similar

(10) Meisner, G. P.; Morelli, D. T.: Hu, S.; Ynag, Y.; Uher, Bhys compositions, containing approximately 80% antimony and 20%
Rev. Lett 1998 80, 3551-3554. iron. Bulk reaction of iron and antimony results in the formation

(11) Bvers, C. B. H.; Jeitschko, W, Boonk, L., Braun, D. J.; Bbel, T3 of sequential layers of the known binary compounds as layers
Scholz, U. D.J. Alloys Compd1995 224, 184-189. . . L7 .

(12) Sellinschegg, H.; Stuckmeyer, S. L.; Hombostel, M. D.; Johnson, ©N the surface of the iron particles. This is expected, as binary
D. C. Chem Mater. 1998 10, 1096-1101. diffusion couples have long been a powerful tool for the

Experimental Section




Nucleation Energy of Iron Antimonides J. Am. Chem. Soc., Vol. 123, No. 8, 217

Table 2. Summary of Samples Prepared To Determine the 0.49
Composition Dependence of the Nucleation Energy S 048
Fe Sb A% A% £ o047
sample intend intend intended actualSb Fe phase N.E. 2 046
B-1 1.2 14.7 15.9 15 77.7 22.3 FeSR.143 ¢_;> g:i
B-2 0.7 11.3 12.0 12 79.0 21.0 FeSH.618 ';"_, 0'43
B-3 09 113 121 11 816 184 FeSH.444 s - eSS L
B-4 05 11.3 11.8 11 862 13.8 FeSH.659 T 042 P
B-5 0.6 113 119 11 826 17.4 FeSH.470 0.41 - ; ' ‘ *
B-6 0.8 11.3 12.0 11 75.5 245 FeSH.905 50 100 150 200 250
B-7 1.0 11.3 12.2 11 71.1 28.9 FeSH.401
B-8 1.0 113 123 13 71.0 290 FeSH.540 Temperature (C)
B-9 11 113 124 12 68.7 31.3 FeSH.375 Figure 2. DSC of A-1 showing a large exotherm at 200.
B-10 1.2 11.3 12.5 66.3 33.7 FeSH.532
B-11 1.3 11.3 12.6 12 65.7 34.3 FeSh.511 16 -
B-12 1.4 11.3 12.6 12 38.1 61.9 FeSh.462 1a)
B-13 1.5 11.3 12.7 12 66.3 33.7 FeSh.599
B-14 1.6 11.3 12.9 12 76.7 23.3 FeSh.528 12
B-15 1.6 11.3 12.9 12 76.7 23.3 FeSh.344 Z 10
B-16 1.6 11.3 12.8 61.7 38.3 FeSH.542 2
B-17 0.4 11.3 11.7 11 85.2 14.8 FeSh.662 2 81
B-18 0.3 11.3 11.6 10 80.2 19.8 FeSh.634 2 6|
B-19 1.0 11.3 12.2 12 81.5 18.5 FeSh.504 =
B-20 15 11.3 12.7 12 75.7 24.3 FeSKh.578 41
B-21 1.5 11.3 12.7 12 75.7 243 FeSKh.532 2
C-1 0.3 10.4 10.7 10 67.8 32.2 FeSh o
cC2 03 95 99 9 683 3L7 FeSb o ; . A 0
C-3 0.3 8.7 9.0 9 69.4 30.6 FeSH.570
C-4 0.3 12.1 12.5 13 76.6 23.4 FeSh.698 »
C-5 0.3 13.0 13.3 13 77.2 22.8 FeSh.513 Figure 3. Low-angle X-ray diffraction patterns of A-1 before and after
C-6 0.3 13.9 14.2 14 83.4 16.6 FeSh annealing.
C-7 0.3 7.8 8.1 7 745 25,5 Fesld.604
C-8 0.3 6.9 7.3 75.1 24.9 FeSH.487 1000 -
Cc-9 0.3 6.1 6.4 8 77.1 229 FeSH.422
C-10 0.3 7.8 8.1 8 83.0 17.0 FeSH.606 ™ 800 -
C-11 0.3 5.2 55 5 77.8 22.2 FesSH.685 & 600
C-12 0.3 11.3 11.6 11 85.9 14.1 FeSh.654 = R
C13 03 43 47 5 694 306 FeSH.470 2
c-14 03 121 125 12 86.0 140 FeSh.788 g 400 -
£ 200
20
o 0-
3 15 | 0 20 40 60 80
£ ¢
I " #Fixed Fe (C) 2
- 1 PSP 4 EFixed Sb (B) Figure 4. High-angle X-ray diffraction patterns of A-1 before and
s after annealing.
3 9 *»
< annealing, indicating that at least part of the sample is still
0 compositionally modulated. These data suggest that crystalline

0.0 5.0 100 150 20.0 FeSh formed at the reacting interfaces in a manner similar to
that observed in bulk diffusion couples.

The thinnest sample listed in Table 1 reacted much differently.
The DSC data obtained on this sample look very similar to that
shown in Figure 2, except with the exotherm at &} and

investigation of phase diagraisAs annealing time or an-  yhe corresponding high- and low-angle X-ray diffraction data
nealing temperature increases, the thickness of the binary,. shown in Figures 5 and 6. This thin sample remains

compounds increases. Sample A-1, which contains the thickest, nhous while the layers interdiffuse at temperatures below

eleme_ntal bilayers we prepared, shows f[his behavior. Figure_Zthe large exotherm at 134 in the DSC. After the exotherm,
contains the DSC of this reactant and Figures 3 and 4 containy,e pigh-angle diffraction pattern is that of a cubic material.

the low- and high-angle X-ray diffraction pattemns, respectively. it eld refinement of this pattern indicates that the sample has
The DSC data contain a sharp exotherm at 200resulting  fymed a crystalline skutterudite structure with composition
from the nucleation of FeS$b The as-deposited low-angle FeSh.

diffraction pattern shows Bragg diffraction maxima resulting
from the elemental layering in the sample while the sample is
amorphous to high-angle diffraction. Annealing the sample gtop in poth of the samples is interdiffusion of iron and
above 200°C results in the formation of crystalline FeS#s antimony. In the thin sample the composition gradients differ
seen in the high-angle diffraction pattern. The low-angle g, those in the thick sample because of the limited supply of
diffraction pattern still contains Bragg diffraction maxima after i of the elements. When the diffusion distance is short. as
(13) Brophy, J. H.; Rose, R. M.; Wulff, The Structure and Properties in the thin-layered samples, the elements comp!etely intgrdiffuse
of Materials Wiley: New York, 1964; Vol. 2. before nucleation can occur. The amorphous intermediate that

Intended Thickness
Figure 1. Actual measured layer thickness vs intended layer thickness.

Figure 7 is a representation of what we believe is occurring
in these samples as a function of annealing. The first reaction
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Figure 5. High-angle X-ray diffraction patterns of A-4 before and

. Atomic % Sb
after annealing.

Figure 8. The nucleation exotherm temperature clearly depends on

74 the composition of the sample.
> : | contained in Table 2. All of these samples were prepared with
@ 4 repeat layer thicknesses well below the critical thickness
*E i determined by using the samples in Table 1. As was done for
= 31 the samples in Table 1, we measured the heat flow as a function
S 24 of temperature by using DSC and used X-ray diffraction to
14 follow the structural evolution of each of these samples. We
0 ‘ ; show in Figure 8 the nucleation exotherm temperature as a
0 2 4 6 8 10 function of sample composition. This clearly shows the differ-
ence in nucleation temperature between the two phases, and
20 .
] ) . also shows that the nucleation temperature for samples that
Flgurel§. Low-angle X-ray diffraction patterns of A-4 before and after formed FeSpappears to depend more strongly on composition
annealing.

than for those samples that formed FgeSh

To determine the kinetic stability of the reaction intermediate
High - High present before the exotherm, we collected differential scanning

vi

Het calorimetry data as a function of scan rate to estimate the
| activation energy of the nucleation and growth process. We

Large Distance Diffusion Limited Inferfacial Nucleafion analyzed this nonisothermal DSC data using the method

described by Kissingétin which the activation energy can be

——— obtained from the shift in peak temperatufg, as a function
— of scan rateQQ:

Short Distance Nucleaion Limifed  Homogeneous Nucleation d |n[Q/Tp2] _ ~Ecystatiization
Figure 7. Cartoon depicting one possible explanation for the diffusion d[lTp] R

and nucleation processes in this system.

IThis equation is derived by assuming that the nucleation and
growth can be described by the Johnsdfehl—Avrami equa-
tion, that the initial and the final states have the same
composition, and that the nucleation and growth rates are
constant at constant temperature. A further approximation is
made that both the nucleation rate and growth rates may be

compound to nucleate from the amorphous composition. Inthed ribed by Arrheni pressions over the ran f temoer-
thicker samples, however, there is a nearly complete composition escribed by ENIUS expressions over the range of tempe
ature in which the peak temperature varies with scan rate.

gradient between Fe and Sb, leading to the nucleation of FeSb . 5 ! . ! .
at the appropriate composition as the temperature is raised. ThusGraphmg INQ/T,* versus I, gives a straight line with slope

there exists a critical thickness for the reacting multilayered _E/R' Flgurg 9 contains a plot of the_actlvatlon energies
samples. If the samples are above this critical thickness, theObta'nec.j. using this method of gna}ly5|s as a function of
thermodynamically expected compounds nucleate and grow atcomposition. The squares (or O |nd|c§1te sample_s c_reated
the reacting interfaces. If the samples are thinner than this critical with constant Sb 'ay‘?r thickness. The circl@sdr O)_lndlcate
thickness, the diffusion distance is short enough that the sampless‘?‘mpIes created W'th. a constant Fe layer thlckness_. The
interdiffuse significantly before nucleating. This limits the range diamonds & or A) |nq||cate samples that were made with a
of compositions at the reacting interface, preventing, in this case,COnStant Sh layer th|ckn_ess but nucleat%d .bOth binary com-
the nucleation of FeSbLow reaction temperatures are impor- pounds. Samples containing more than 25% iron were observed

tant, as the low diffusion rates of the elements in the amorphoustsct’r(f)c;]rrn dZESr? dvgﬁzeagﬁ:\g:ﬁnoiﬂ%gysgﬁr Ié§5c?)\r<tz\;\i/:;[ir:10ulte§2¥han
solid at low temperatures prevents the disproportionation of the 9 dep P : P 9

o7 . . ;
sample into the expected thermodynamically stable compounds.20 6 iron were observed 1o form Fe“%'.th activation energies
This provides time for the nuclei of the metastable compound ranging from 1.4210 2.14 eV V.V'th the higher nucleatlon_ energies
FeSh to form occurring near the extremes in the observed composition range

To test this hypothesis and to determine the effect of in which this compound formed. Two samples close to 25%
composition on the formation of Fe&hve prepared the samples (14) Kissinger, H. EAnal. Chem1957, 29, 1702-1706.

results has the composition of the original multilayered elemental
reactant. Consequently, when sufficient energy is available to
form FeSh, there is no region of the sample with this
composition, preventing its nucleation. The metastable com-
pound FeSkcrystallizes instead of Fegbas it is the easier
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2.200 & the system by the heat of mixing. If this can be accomplished
> 2000 at relatively low temperatures, the resulting mixture will be
g ' [ amorphous. At low temperatures, there is not enough energy to
] 1.800 @ nucleate a crystalline compound. On raising the temperature,
£ 1.600 =) d B o W | the metastable phageshould nucleate because the composition
o O o 9O . . !

S 1400 o ? of the mixture is much closer to that of the phasthan either
(-] . [ = .
< of the thermodynamically stable phasesor . The low
3 1.200 diffusion rate in the amorphous intermediate at these temper-
1.000 . : : : . atures prevents the disproportionation of the sample via long-
60 65 70 75 80 85 90 range diffusion into the thermodynamically stable compounds.

. The low diffusion rate prevents the assembly of a nucleus which
Atomic % Sb deviates significantly from the average composition. This is
Figure 9.. A plot of the measured nucleation energy versus composition. functionally similar to the use of blocking groups in organic
The unfilled markers are samples that nucleated FeSt the filled synthesis, which prevent the close approach of a reactant to a
markers are samples that nucleated feSb reactive site in a molecule. In both cases, access to a reaction
E, intermediate is prevented through manipulating diffusion rates.
These same principles could be applied to ternary and higher
order systems where the presence of a third material in the
mixture (that cannot be incorporated into a binary compound)
3 famarshon) could inhibit the formation of more stable binary compounds
over a broad composition range. This potentially will allow
access to ternary and higher order compounds that are thermo-
dynamically unstable (but kinetically stable) with respect to the
B known binary compounds.

E,

les]

-

Free Energy

Summary

Composition ) )
It has been shown that the reaction of thin layers of Fe and

Sb to form either FeStor FeSh is dependent on layer thickness
and composition. If the layer thickness is below approximately
35A, and the composition is at least 75 atomic % Sb, EeSb
nucleates. If either the composition is less than 75 atomic %
Sb or the layer thickness is above 35A, FgeBbcleates. Low-
angle X-ray diffraction data show that this thickness dependence
results from incomplete diffusion for thick-layered samples.
Heterogeneous nucleation occurs before diffusion is complete.
By contrast, thin-layered samples appear to diffuse completely
and form an amorphous intermediate, which then undergoes
homogeneous nucleation. Although there is an abrupt change
in the phase that nucleates as a function of composition, the
nucleation energy of samples that nucleated Le®ll FeSp
were both shown to be relatively independent of composition.

Figure 10. A general view of the reaction processes involved in the
synthesis described in this paper.

iron in composition were observed to nucleate both compounds.
In these cases, FeShucleated first followed by the formation

of FeSh. While there is no clear composition dependence to

the nucleation energy for either compound, the composition of
the amorphous intermediate is crucial in determining which

compound nucleates.

A general view of the diffusion and nucleation processes
proposed for samples with repeat layer thickness below the
critical layer thickness is shown pictorially in Figure 10. The
energy of a binary modulated elemental reactant will ap-
proximately be that of a heterogeneous mixture of the two
constituent materials (labeled,df Raising the temperature
permits the system to interdiffuse, lowering the free energy of JA003791D



