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In situ infrared-transmission study of vibrational and electronic properties
during the formation of thin-film B-FeSi,
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Kirchhoff-Institut fir Physik, Ruprecht-Karls-Universitadeidelberg, Albert-Ueberle-Strasse 3-5,
D-69120 Heidelberg, Germany

(Received 9 May 2001; accepted for publication 26 September)2001

Transition metal silicides can be formed by a solid phase reaction of metal films on silicon. During
that thermally activated process, the system runs through chemically and crystallographically
distinguishable phases with different properties concerning lattice vibrational modes and electronic
transport. We demonstrate that situ infrared transmission spectroscopy gives quantitative
information on the development of both these properties during formation of the thin-film solid
phases. We deposited a 12-nm-thick Fe film of1Hi and then annealed this system at increasing
temperatures. After each step of annealing we measured infrared spectra in normal transmission
geometry. The changes in the broadband infrared transmission and the development of vibrational
modes allow one to identify the subsequent formation-6&Si and polycrystalling-FeSj and to
monitor the interplay of crystalline and electronic structure during formation of these
phases. ©2002 American Institute of Physids[DOI: 10.1063/1.1421041

I. INTRODUCTION the investigated temperature range. The analysis of the infra-
red (ir) optical data from the films follows standard
rocedure$, except for the fact that we also analyze the
roadband behavidrOn the experimental side we see an
dvantage in the normal transmission geometry. Provided
hat the substrate shows broadband transparency in the inves-

The technological interest in thin films with designed
electronic properties and thicknesses below a tenth of a mE
cron is continuously increasing. For optoelectronics, photo-
voltaics, thermoelectrics, and microelectronics, importan
classes of materials are silicidésand oxides Due to the . ; . . .

. . . tigated ir spectral range, small distortions in the angle of
fact that the electronic structure of these materials sensmvely ! . : g
C . . ncidence should, compared with reflection geometry, influ-
depends on stoichiometry and crystalline structure, it may be .
. . ; : .~ eénce the experimental data only weakly.
tuned. Small tetragonal distortions of a cubic lattice, for in-
stance, may lead to a transition from metallic to semicon-
ducting or may alter the type of band gap from direct to
indirect. Both effects are substantial for optical applicationsll. EXPERIMENT
The distortions may be spontaneous, i.e., Jahn—Teller-like,

may be induced by defects, or may be imposed during a We use a combination of a vacuum Fourier-transform

thin-film epitaxial growth process. In any case, when inves.Nfrared spectromete(Bruker IFS66v/$ and a UHV cham-

tigating these materials, information on both crystalline and?€r (residual pressurec2x 10 *“mbaj to performin situ ir
electronic structure is of particular importance. The greates?pQCtrOSCOpy on thm-ﬂlm systems. The setup allows IRTS
amount of information can be expected from experimentdUring pr%parat.pn of thin films and surfaces under UHV
that deliver this information from the same sample at thecondltlons. Additional .surfag:e structure analysis is done by
same conditior(e.g., ambient pressure, temperature, and il/OW-energy electron diffractiofLEED). _

lumination). Additionally, in situ methods allow distortions The Si{ll) substrate (Wacker Chemie, 2820

due to the ambient conditions to be kept at a lower level and< 2 mn) is mounted on a molybdenum plate with a central
offer the possibility of integrating them into a thin-film °-MM aperture for IRTS measurements and with a K-type

preparation line. In this article, we propose infrared transmistnérmocouple for temperature measurement. For substrate

sion spectroscopflRTS) for this kind of thin film analysis. Surface preparation this plate is heated to 1100°C in UHV to
In an experiment with solid phase reactions from uma_desorb the oxide and to form ax77 reconstruction. The Fe

thin (~ 10 nm) Fe/Si111) to crystalline silicide filmge-FeSi thin film is prepared w?th an electron-beam evaporator
and B-FeSi) we demonstrate the eminent suitability of IRTS whose metal-vapor flux hits the substrate surface at an angle
as a source of information on thin-film vibrational and elec-°f %7'5 with respect to its normal. Substrate temperature is
tronic properties. We apply IRTS to the sample during suc30 °C. The Fe-film thicknesses are calculated from the depo-
cessive steps of annealing in ultrahigh vacu@wiiV). This  Sition rate (0.2 nm/min assuming Fe bulk densityhich
allows monitoring of the development of both crystalline andWas calibrated with a quartz microbalance. Silicide forma-

electronic structure during the phase transitions occurring ifion is enabled by thermal activation during successive an-
nealing periods of 5 min at a temperatdrg. This tempera-

ture is raised in steps oAT,=25°C to a maximum
dElectronic mail: fahsold@urz.uni-heidelberg.de temperature of 1100 °C. Between these annealing periods,
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FIG. 1. Subsequent steps of annealing for a duration of 5 min; the annealing y 15'00 2000
temperaturel, is increased in steps of 25°C to a maximum of 1100 °C. 500 1000 1

In situ ir transmission spectroscopy is done-a200 °C and between the wavenumber (cm’)
annealing periods.

FIG. 2. Relative transmission of as-grown and annealed 12-nm iron on

h mol moperature is lower ° rform S_i(_l_ll). The iron film is grown and m_easured at room temperature. The
the sample temperature Is lowe edt®00°C to perio silicide films are the result of annealing to 675 {&FeS) and 900 °C

IRTS (see_Fig. 1 . _ o (B-FeS}); the transmission is measured at 100 °C.
For this experiment we measured ir transmission from
200 to 2000 cm! with a resolution of 2 cm? (all frequen-

cies are given in wave-number units ch An area of  \here the optical properties rapidly change: between 475
~4 mn? of the sample surface is illuminated by the ir light and 550°C and between 725 and 800°C. Remarkably,
at normal incidence. We used a globar ir light sourceprgaghand transmission and vibrational structure seem to de-
(Bruken, a Csl beam splitteBruken, and Si windows \ejop simultaneously in these ranges. This rough inspection
(Wacker Chemig to connect the UHV chamber to the f the series of spectra already allows an identification of
vacuum spectrometer, and a DTGS deted®ruken for  ihree stable phases, which we denote as PO, P1, and P2 for
light detection. low, intermediate, and high annealing temperature, respec-

The shown spectra of relative transmission are refergyely |t will be revealed in Sec. V that the phases are metal-
enced to the transmission of the bare silicon substrate held 8h-silicon (Fe/S), monosilicide-on-silicon(e-FeSi/S), and

the same temperature as the sample with the thin film Und‘%{isilicide-on-silicon (B-FeS}/Si), respectively.
investigation. However, as small differences in these tem- 1pe dependence of ir transmissidw) on T, is given

peratures lead to imperfect compensation and as, in smaf, more detail in Fig. 4. This figure shows the transmission at
spectral ranges, the low intensities lead to strong noise in thg — 335 .yl and at w=370cnit. which represent the

relative integfities, small  sections(700-800 and rgadband raise of ir transmission with increasing The
1250-1500cm*) of the measured spectral range are

skipped in the presentation of spectra. For monitoring the
spectral changes when annealing the films, typically 100
scans were recorded within2 min at (20@-20) °C to give

one spectrum. For a more detailed analysis of the different
silicide phases we raised the number of scans to 1000 and
measured when the sample had cooled down to (100
+5) °C. All measurements were dorie situ and on the
same sample.

Ill. RESULTS

The result of our ir optical measurement after growth of
the Fe thin film is shown in Fig. 2. The spectrum demon-
strates that an Fe film of 12.3 nm thickness is still transparent
in the mid-ir. This was to be expected from our earlier ex-
periments on silicon and from measurements of Fe thin films
on ionic crystal surface®’ The transmission increases with
increasing wave numbefi.e., positive dispersion and
reaches a value of 20% at 2000¢chn

The measured development of ir transmission with in-FIG. 3. Development of vibrational structure and broadband transmission
creasing annealing temperat(fgis presented in Fig. 3. The after subsequent periods of Fe/Sil) _thin-film anneal_ing. The spe_ctra are
spectral range shown gives an overview of both the raisin?ea\sured at-200 °C and the annealing temperatiitgis increased in steps

“transmission (arb.)

250 300 350 400 450
wavenumber (cm™)

. . . . f 25°C. For two spectral, is indicated(500 and 775 °€C Maximum
of the broadband baseline and the formation of vibrationa emperature is 1100 °C. The weak periodic modulation of the spectra is due

structure with increasing 5. There are two ranges of, to interferences from the windows in the optical path.
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A. Broadband transmission

T T T T T

—o—T(332cm’) .. P2 The weak ir optical transmission of the Fe film as grown
—a—T(3a4cm’) g (phase PPand the absence of vibrational structure are remi-
—o—T(370 cm’) niscent of the strong absorption due to intraband transitions
. in a metal. Nevertheless, we know that the pure Drude model
with the frequency-independent parameters plasma fre-
quencywp and relaxation rate» .= 1/ fails to describe bulk
and thin-film optical properties of iroh’ For example, with

oo wp=33000cm? and w,=147cm’!, as tabulated in stan-
dard literature on ir properties of metdlghe transmission is
strongly overestimated in the mid-ir. Instead, we use the

0.3 1

0.2 1 "
—8— AT(344cm’)

0.14

transmission T (arb.)

0.01 oreeneteet— frequency-dependent parametesrsw) and wp(w), which
0 200 400 600 800 1000 1200 we calculate from experimental data on the dielectric func-
' annealing temperature T, (°C) tion of iron® In thin films, interfaces and grain boundaries

from the growth process are additional sources for electronic
FIG. 4. Development of vibrational structure and broadband transmissioe|axation as described by various treatments of the classical

with annealing temperatur€,. The transmissionT () is shown for @ : ,10 ; i fi ;
=332 and 370 cm' to monitor the broadband changes. The development ofSIZe eﬁems' We introduce a thin-film relaxation rates

vibrational structure atw=344cm! is monitored by the transmission WhiCh we a(_jd t_o the bulk rela)_(ation rate.(w). For_mOdel'
T(344cmY) and by the transmission differenceAT(344 cnil) ing depolarization effects, which are known for inhomoge-

=T(332cmY)—T(344 cm'l). PO, P1, and P2 label the existence of stable neous fi|msl,l for example, we scale the plasma frequency

phases as deduced from thi¢w) curves. wp(w) with a frequency-independent facto. Our metal
thin-film dielectric functione () for the broadband prop-
erties reads as

occurrence of the above-mentioned stable phases PO, P1, and [ Bwp(w)]?
P2 is quite significant. For monitoring the development — &bb(®)=€x— Wt (o w)+wog]’ @
of vibrational absorption at 344cm, for example, the , . )
transmission  difference AT(344cmY)=T(332cm}) We achieved excgllent matching qf the calculgted transmis-
—T(344cm’Y) is calculated. Clearly, this resonance line ap-Sion to the f:lxpenmental dataee Fig. 2 by settinge..=1,
pears during only the second transition (725¢C, @s=270cm”, and5=1.28. o
<800°C), and it remains unchangédithin the errors due For modeling the broadband transmission of the phase
to the uncertainty in the sample temperajurg to maximum P1 we used a d"3|e_(itr'c function according to Eg). with
T.. The same holds for the strong resonance lines at 268=1 andws=0cm . No safisfying accordance could be
297, and 425 cmt (see Fig. 3. gained by suppressing a fr_equency dependence in the Drude
The spectra for the numerical analysis of the ir opticalP@rameters. Therefore we introduce a frequency dependence
properties of P1 and P2 are shown in Fig. 2. Together wittPy 2dding up two Drude-type contributions to the suscepti-
the spectrum of PO, these spectra show that the phas@g'ty- This corresponds to |ntrapand transitions in a two-
strongly differ in broadband absorption, i.e., strong metallic®@d model.l Due to the lower limit of our spectral range
absorption in PO, intermediate absorption in P1, and weak®@>200cm ) and the high temperatur873 K) we cannot
absorption in P2. Concurrent with the decrease of broadbarfg*clude a weak binding of charge carriers. Even though high
absorption a variety of resonance absorption develops, whici?"'C polarlz?blllty is known for iron monosilicide at low
indicates that delocalized charge carriers are increasingly |demperaturé? we usede.,= 1, which seems to be appropriate

calized in polarizable chemical bonds. These are preliminar\fﬁ)rl;‘qigS narrow-gap semiconductor at temperature above 300
hints of silicide formation. .~ °With this model and the parameters for the two Drude

susceptibilities given in Table | we get the best spectral
agreement with our experimental resulége Fig. 2
The broadband transmission of P2 is well described with
IV. ANALYSIS OF SPECTRA a single Drude-type susceptibility and an ionic polarizability
corresponding t@,. above unity:** The best spectral agree-
For quantitative analysis of our experimental data Wement(see Fig. 2is found for the values given in Table I. We
perform optical calculations with the commercial softWare 350 tried a two-band model, as used for P1, but no substan-
SCOUT2 which takes account of multiple reflection and co-ja| improvement in describing the experimental data could

herent superposition of beams in layered structures. Wge gained. In particular, the value fet, did not increase
model the complex dielectric functions of the films to de- gignificantly.

scribe our ir-optical results. In the following, this is done

separately for the broadband transmission and for the vibreE Vibrational structure

tional structure. For the film thickness of P1 and P2 we use™

23.8 and 38.3 nm which we calculate from the Fe-film thick-  The measured ir specttaee Fig. $ show the vibrational
ness(12.3 nm and the number of Fe atoms per unit volumestructure of the phases P1 and P2. For their analysis we
in bce-Fe,e-FeSi, andB-FeSy), respectively. assume a dielectric functiosn( w),
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TABLE I. Values of the parameters of the dielectric function: background paranietersop , andw,) and harmonic oscillator parametéts; , S;, andy;).
These parameters are used for calculating the ir transmission of the prepared silicide-film phases P1 and P2. All fraguengies, , andw,) are given
in wave-number units (cit).

Parameter Phase P1 Phase P2
€. 1.0 7.4
wp 44 680 6231 3970
w, 11720 670 2340
] 309 342 434 263 297 309 344 388 425 459
S; 15.9 0.9 3.4 3.6 3.8 10.9 4.0 0.4 1.8 0.1
Y 10 15 15 7 7 7 13 21 15 15
Sj~w,-2 vibrational structures agree with the results of Damascelli

(2)  etall®for bulk e-FeSi at room temperature. They found os-
cillator frequencies of 318, 338, and 445 chwith oscillator
with broadband dielectric properties,,(w) as described strengths of 12, 1.5, and 5, respectively. From our broadband
above and with harmonic oscillators with resonance fre-analysis we get a real part of the dielectric function which
quencyw; , oscillator strengttg; , and damping rateg;. Our  increases from—100 at 100 cm! to —22 at 2000 cm*.
experimental results do not show significant asymmetries imThese values closely match the properties of bufkeSi at
the vibrational absorption lines. Hence we abandon their de300 K. The same holds for the conductivity. We calculate
scription by means of Fano-type line shape3he results 3.8x10°3Qcm at 100cm! and 8x10 %Qcm at
from the fit to the experimental data are shown in Table I. 2000cm®, while bulk properties are 32210 3 and 2.7
X 102 Q) cm, respectively. The slightly increased conductiv-
V. DISCUSSION ity in our experiment should be due to the higher sample
temperaturg373 K).
We want to comment on the broadband dielectric func-
1. Phase PO tion of P1, which we identified as-FeSi. At temperatures
The used model dielectric function for Fe thin films Pelow 200 K the conductivity shows distinguishable spectral

properly describes the ir optical properties of the iron film asvyeight from both intraband transition_s an_d interband transi-
grown. As the electron mean free path in iron varies betweeHONS across the narrow gdp-0.1eV, i.e., in wave-number
70 and 7 nm in the spectral range under investigation, th&/nits ~1000cm *). Above 250 K the spectral separation of
weak increase in electronic relaxation in the 12-nm film isthese contributions has disappeard, which is connected to the
consistent with estimations for the classical size effect in &lisappearance of the gap around 306°Kthe choice of a _
homogeneous film. The found value for the scaling fagtor two-band charge carrier model with two Drude-type contri-
is also observed for homogeneous iron thin films onbutions accounts for this situation. Concurrent with the dis-
MgO(001).° This excludes both a strong intermixing of iron @Ppearance of the_ gap the static background polarizability
at the interface and a strong inhomogeneity due to a proshould decrease, i.es.. should approach a value around
nounced three-dimensional-island growth mode, as knowrHNity.

for instance, from metals on Sj@overed silicort®

s(w>=sbb<w>+; 5
J

W] —wz—iw'yj'

A. Characterization of thin film phases

3. Phase P2

2. Phase P1 The large number of distinct absorption lines points at
high crystalline order with a large unit cell. We compared the
vibrational structure of P2 with dafafrom the various
phases and morphologies of Fg@nd found that the best
agreement was with polycrystallitfe'® 8- FeSi. For demon-
1.0 —r : : i i stration we calculated a transmission spectiisee Fig. %
k (BFeSh e 1 using the thickness of our films and the vibrational data from
o ' ] 20-nm-thick 8-FeSj on Si111). This film is grown by mo-
lecular beam epitaxyMBE) and is annealed at 660 °C. It is
polycrystalline with a preferential orientation perpendicular
to the surfacé® Our films obviously have a slightly stronger
polycrystalline character than these MBE films. We deduce
this from the ~30% lower strength of the oscillator at
425cm L. It is knowrf? that with increasing polycrystalline
character the spectral weight bunches aroun®00 cmi*.
Concurrently, the density of charge carriers incred%&som
FIG. 5. Relative transmission of silicide thin films: measured at 378dfid our measured b.roadband_dleleCt.nc prOpertloeS a,tg 373 K we
line), calculated with fitted parametetdashed ling and calculated with ~ C@lculate a density of charge carriers of 1 m°cm 2, con-
data from MBE films(dash-dotted ling ductivity of 110Q~"*cm™%, and mobility of 5crd/Vs. A

The vibrational and electronic data of this phase are con
sistent withe-FeSi/Si. The harmonic oscillator values for the

relative transmission

oo L NV ]
250 300 350 400 450
wavenumber (cm™)
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charge carrier mass of 0.8n, is assumed for the the same sample. Hence we propose IRTS for the investiga-

calculation?! Bearing in mind the temperature of our films, tion of further silicide thin film systems.

these values are typicdbr polycrystalline3-FeSp. Accord-

ingly, the films of this experiment are still insufficient for ACKNOWLEDGMENTS
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