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Optical properties of B-FeSi under pressure
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We have investigated the high-pressure optical absorption of Iron disiligideeSp, thin films(90 nm in
thickness prepared from Si/Fe multilayers on §01) with template and Si©capping. It is found that the
experimental absorption coefficient in the range of photon energy of about 0.3 eV beyond the band gap is a few
orders of magnitude larger than the first-principles calculated absorption coefficient. A possible explanation for
this large absorption coefficient is the saddle-point exciton effect by the calculated band structure. No critical
points with negative hydrostatic pressure coefficients such as those of Si and GaAs are obsgrrasin
near the band gap. The pressure coefficient for the direct band g@pFefS; is determined to be 15.9
meV/GPa. This small coefficient is due to the negative deformation potential of the valence-band maximum,
and the large bulk modulus @-FeSp.
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. INTRODUCTION responding to g3-FeSj, film of about 90 nm thickness, in-
cluding the template, were deposited at room temperature.
Iron disilicide, B-FeSj, has attracted much attention as a The Si and Fe were deposited by electron-b¢EB) evapo-
promising material for optoelectronic ~applicatior’s. ration, and the deposition rates of Fe and Si were controlled
pB-FeS} emits light of 1.55um (0.8 eV) suitable for SiQ  at 0.02 nm/s and 0.1 nmis, respectively, by an electron-
optical fiber communications and can be grown epitaxiallyjympact emission spectroscopy sensor. After capping the Si/Fe
on Si. B'-Fesh is also kn0\_/vn to be a Kankyo SemICOI’ldl.JCtor multilayers with an EB-evaporated 100-nm-thick Si@yer
(ecologically friendly semiconductp? A well annealed thin- to prevent aggregation, the films were annealed at 900 °C for
film sample shows a highest hole mobility of 13 006¢ys 14 hrs in Ar to formﬂ—léeS'k films X The grown films were

at 50 K, which excegds the electrqn mobifityRoom- aully relaxed and the lattice constants were shown to be
temperature electroluminescence action has been alrea .
e¥]ual to the values of bulB-FeS) by x-ray measurement.

reported’ : “
There are a growing number of studies on the basic propThe lattice constants weee=0.986 nm,b=0.779 nm, and

erties of 8-FeSj. For example, Filonoet al. calculated the ~ ¢=0-783 nm, respectively. Theaxis of the grown film was
dielectric functions in a wide range of photon energies up td°erPendicular to $001). _
5 eV, and compared these with the ellipsometric High-pressure optical spectra were measured by using
experiment$. However, the nature of the band gap is still in @ diamond anvil cell in conjunction with a short
dispute. Photoluminescence studies suggest ghBeSj is ~ focal-length  spectrometer attached with a 200-W
direct (for example, Ref. }, but absorption studies suggest tungsten  lamp. Both the sample consisting of
that it is indirect(for example, Ref. 2 Theoretical studies Sisu50 um)/B-FeSp(0.09 um)/Si0,(0.1 um) and the
predict that the nature of the gap critically depends on theeference consisting of S50 wm)/Si0,(0.1 wm) were
lattice strain of3-FeSp.”~° shaped into (208 200-um? areas and put into a metal gas-
Here, we performed a first-principles calculation of theket with a 4:1 methanol-ethanol mixture as a pressure trans-
optical properties of3-FeS} focusing on the near-edge ab- mitting medium. The Si substrate was thinned to &t in
sorption coefficient, and report on the high-pressure meathickness. The transmission measurements were performed
surement of its absorption spectra up to 5 GPa. Note that for both the sample and the reference at various pressures,
part of the experimental work has been reported elsewflere.with the temperature held constant at room temperature. The
direction of the incident light was parallel to tlzeaxis but
Il. EXPERIMENTS not polarized. » ,
The absorption coefficients were calculated by the ratio of
The samples used in the present experiment were contingransmission light intensities between the sample and the ref-
ous and highly{100]-oriented 8-FeSj films (90 nm thick-  erence. In these experiments, no reflectivity correction was
nes$ prepared from Si/Fe multilayers on(801 with tem-  made due to the difficulties in measuring the reflectivity.
plate and Si@ capping. The films were grown as follows: However, we employed an empirical method by taking the
First, a 20-nm-thickB-FeSj epitaxial layer was grown by baseline of the interference fringe below the absorption edge
reactive deposition epitaxgFe deposition on heated)Sat  as the zero value of the absorption coefficient. The absorp-
470°C as a template to control the crystal orientation oftion edge of the Si substrate is around 1.1 eV and the absorp-
B-FeSp. Then, 45 layers of the &i.6 nm)/Feg0.5 nm), cor-  tion coefficient increases with increasing photon energy but

0163-1829/2002/68.6)/16521%5)/$20.00 65 165215-1 ©2002 The American Physical Society



K. TAKARABE et al. PHYSICAL REVIEW B 65 165215

it is only about 200 cm? at 1.3 eV. This absorption coeffi- 1.2 1 o
cient is fairly small compared with that g8-FeSj in the ] ;‘."'
range of photon energy investigated, and the,St@p is oI : _
more transparent than Si. Consequently, the determined ab- = N
sorption coefficient of3-FeSi under pressure is reasonably Lo
accurate. 0.8 1 'ut
=N
Iil. COMPUTATIONAL DETAIL 067

A full-potential linearized augmented plane-wave ]
(FLAPW) method implemented iwiEN97 code was em- S 044
ployed to calculate the electronic and optical properties of L ]
B-FeSp.'? The calculation was based on the density- > 2]
functional theory(DFT) and used a generalized gradient ap- %D ]
proximation. The base set was expanded to about = ]
plane waves outside the core region. A dense sampling up to o0 ] *
346 k points in the irreducible Brillouin zonéBZ) was con- ] e
ducted for the self-consistent cydl8CH, and the total en- 0] *le a
ergy was converged within 0.1 mRy. The BZ integration was s . y Oy
computed with the modified tetrahedron methioahd a con- / U
stant matrix element in the tetrahedron was assumed for the -0.4 ~ el "':...«
calculation of optical properties. N

The crystal structure was base-centered orthorhombic 06 y ""':.,.
(Cmcg and the primitive unit cell consisted of eight Fe e gy g R
atoms and 16 Si atoms. The bulk lattice constants and inter-
nal positions for each atom were attained from previous -0.8 -t

experiments? Geometry optimization was performed for 'Y YHT A ZAT SD Z

only several structures with different internal free param- £ 1. Band structures at/V,=1(®) and 0.983(+) along
eters. This limitation was due to the time-consumiBEP  high symmetry axes. The valence-band maximum atvteint is
results cycle, i.e., three days for one cycle with a large numaken as the reference energy.

ber of electrons in the primitive unit cell @-FeSp. All the

investigated structures, however, were higher in the total ensphere, while the FLAPW method makes no shape approxi-

ergy than that for the experimental structure. mation in the form of the potential. The FLAPW method
accordingly becomes more accurate in all nonisotropic sys-
tems.
IV RESULTS AND DISCUSSION Figure 1 shows the band structure under compression with
A. Band structure under pressure V/Vy=0.983 together with that at an ambient pressure. The

. - VBM is taken as the reference, so the relative change of the
The calculated band structure is shown in Fig. 1. Th and gap can be seen. There is no obvious change in the

\éaéfgiﬁ-abnagdl rgsx;]%%rgr/?h'\g% itsh:tl(\)(éélzqr;/:i%%% aaTgn;S thedispersion of the valence band and the conduction band ex-
ZT (A) direction. The conduction-band minimum is along cept for the uniformly upward shift in energy. This contrasts

the ZI" (A) direction. Thus, the-A indirect gap is 0.67 eV sharply with the band-gap pressure coefficients in common

4 the direct ¢ the point is 0.73 eV, Th t direct semiconductors such as Si and GaAs; in particular, the
and the direct gap a poInt 1S 9. 75 €V. The next direCt - 54 conduction-band edges are opposite in sign in Si and
band gap along th&l" (A) direction is 0.81 eV. On the other aAs
hand, the experi?ental dijrelct bandhgaﬁ s 0'873; EV ?jt fOOM 1t is worth noting that the unit cell of3-FeSj is large
temperature as discussed later. The theoretical band gap | ; - -

0.143 eV lower than the experimental result. It is well knowndampared with common semiconductors consisting of only

. . two atoms in the primitive unit cell. Consequently, the BZ of
that the DFT theory underestimates the band gap. Comparin o " ;
S : ; : o : -F h Il I
this with various different first-principles calculatiofs, > P-FeS} is much smaller, and many critical poinis appear at

the topology near the gap is the same except for the quant}he BZ edges, which result in the critical-point excitén.

tative difference in energy. This topology is in contrast to
that of Filonovet al® who reported that the VBM was along
the A direction and theY point was lower than the VBM. It The absorption spectra at various pressures are shown in
is also in contrast with the result of Christensen, who sug¥ig. 2. The absorption edge is known to be around 0.8 eV,
gested that the VBM was at thE point!” The scalar- and the change in the slopes is seen at around 0.9 eV at an
relativistic linear muffin-tin orbital(LMTO) method was ambient pressure. From the calculated band structure in Fig.
used for both of these calculations. The LMTO method asi, the first absorption edge is indirect and the second is di-
sumes the potential to be spherically symmetric in an atomicect. To conclude that the first edge is indirect, it is necessary

B. High-pressure absorption experiment

165215-2



OPTICAL PROPERTIES OFB-FeS;, UNDER PRESSURE PHYSICAL REVIEW B 65 165215

1.6x10°

1.2x10° =

o Uty
]
o

2.
o8
;Pm

—

<

™

T T

8.0x10" = i _
5 ,.)’
/ d
4.0x10’ .

0.0 1 L 1
0.7 0.8 0.9 1.0 1.1 1.2
hv(eV)

L)
O
w oS
(=2l =1
aaQ
U U
o o
N\
\\Q
~
~
~
\\
oc(cm')

o (x10°cm™)

T T TIT]

A,
TTTTTT

[ | |
0.8 0.9 1.0 1.1 1.2 1.3

. . . photon energy (eV)
FIG. 2. Experimental absorption spectra at various pressures.

FIG. 3. Experimental absorption spectra at two pressures with

to observe a phonon replica of the absorption spectra in ghe pest-fit curves.
similar way to common semiconductors. However, the
sample here was too thin to observe the absorption coefffor an indirect absorption at a very narrow range of energies.
cient below the indirect gap, where the interference fringedlaking the parametes as a free parameter, the above equa-
mask the detail of the absorption spectra. On the other hantion was employed to fit the experimental spectra of the di-
a very similar result was reported by Henriehal. for the  rect absorption regime. The best-fit curves were obtained
molecular beam epitaxy grown film of 750 nm thickness onwith 8=0.90 and the parameter values used are compiled in
Si'¥ This is about eight times thicker than our sample. Hen-Table I. The best fit curves for I6 GPa and 3 GPa are
rion et al. claimed that they observed one phonon emissiorshown in Fig. 3, where only the direct band-gap endtgy
and absorption spectrum, and reported that the indirect edgeas adjusted. The direct band-gap energy of 0.875 eV at an
was at 0.75 eV and the direct edge was at 0.87 eV. Althouglmbient pressure is in good agreement with the result of
the measurement was limited to the photon energy up to 0.98enrionet al!® The disagreement between the best-fit curve
eV, the result of Henrioret al. shows the energy difference and the absorption spectrum at lower energy is due to the
between the indirect and direct edges is about 0.12 eV. Thimdirect absorption edge.
separation deviates about 0.06 eV from the calculated band Based on the best-fit curves, the direct band-gap energy
structure. By increasing pressure, the absorption specti@as evaluated at various pressures. The evaluated direct
move in parallel to higher energies up to 5 GPa. There is nband-gap energies are plotted up to 5 GPa in Fig. 4. We also
observable change in the spectral shape such as that seeretnployed an alternative simple method to evaluate the pres-
GaAs when crossing from the direct to the indirect gap. Tosure coefficient using the plot of the energy versus pressure.
estimate the direct band gap at various pressures, an empiffor example, we used a plot at the absorption coefficient of
cal fit has been employed, as discussed below. 3x10* cm L. These two methods give almost the same

The absorption spectrum is usually analyzed by @dl),  pressure coefficient within the error from the experimental
where a single pair of valence and conduction bands argcatter. This result shows again that the spectra shifts mono-

assumed to participate in the photon absorption. tonically with pressure.
A p 0.97
a= %(ﬁw—Eg) . (4.2 0.96 || —®—exp. data

fit line

Eg (P) =0.873+1.59x107°P (eV)

Here A is the constant including the square of the photon- %90 [

energy independent optical dipole matrix elemén, is the 0.94

photon energyEg is the band gap, ang is the parameter o 0.93 [
for the joint density of state¥. % .0k
From the band structure in Fig. 1, it is known that in & '}

B-FeSi the physical picture of a single pair of valence and 991

conduction bands for the optical absorption is correct only ~ 0.90 f-

0.89 |~
TABLE |. Parameter values used to calculate the best fit curves -
by Eq. (4.1 (see the text 0.88
0-87..l.l.l.l.l.!.l.l.l.l.
P(GPa) AL eV Fcem Y B Eg(eV) 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
P(GPa)
1x10°° 45 0.90 0.875
3.0 45 0.90 0.922 FIG. 4. Direct band gap vs pressure. The slope of the linear fit

line is 15.9 meV/GPa.
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FIG. 5. Experimental absorption spectrum at ambient pressure 10 e /i
and the calculated absorption spectra for three polarizations. The 10° 0_.8(1”11.0' 1'_2' 1'.4' 1|.6' 1|.8' 2.0

calculated spectra are shifted up by 0.143 eV.
Energy(eV)

The evaluated linear pressure coefficient of the direct FIG. 6. Calculated absorption spectra at three values of
band gap is 15.9 meV/GPa. The pressure coefficient oF the v/v,:1,0.983, and 0.967.
direct gap is, for example, 108 meV/GPa for GEZALon-
sequently, that of3-FeS} is 6.8 times smaller than that of around 1.25 eV. This two-stage increase also appears for the
GaAs. The bulk modulus gB-FeS} is 180—-200 GPa, being other two polarizations. Similarly, no qualitative and quanti-
2.4-2.7 times larger than the value 75 GPa for GHAS?*  tative differences appear in the absorption coefficient for the
This inherent hardness @FFeS) can account for only about three polarizations when the energy exceeds about 1.5 eV.
40% of the ratio of the pressure coefficient of the direct bandrhe difference is only prominent near the band gap.
gap compared to GaAs. On the other hand, the band-gap The experimental absorption coefficient reaches about
deformation potential oB-FeS} at theY point is calculated 10° cm ! at about 1.4 eV and is in good agreement with the
to be -2.4 eV from three different volumes of/Vy, calculated result. From this we can see that the direct absorp-
=1.0,0.983, and 0.967. The magnitude of this theoretication process dominates in the higher-energy region. On the
deformation potential is again 2.4 times smaller than theother hand, the experimental absorption coefficient exceeds
value -8.33 eV for GaA$® The main reason for this differ- the calculated coefficient by more than two to three orders of
ence is that the deformation potential of the VBMArFeS, = magnitude in the range of a half electron volt from the ab-
is negative from our calculation, which shows that the VBM sorption edge to the energy where both coefficients coincide.
shifts to higher energy with increasing pressure. This behavfhe indirect absorption is not included in this calculation,
ior is in contrast to that for GaAs and other common semi-although the contribution from this is expected to be smaller
conductors, for which the deformation potential is oppositethan the direct absorption at higher energy.
in sign, and therefore, the VBM is lowered in energy. The A possible cause for this strong direct absorption is the
chemical picture for this behavior in common semiconduc-saddle-point excito® As known from the calculated band
tors is that the VBM is the bonding state. structure in Fig. 1, many BZ edges appear, which are due to
the low symmetry and the relatively large unit cell, in other
words, a small BZ. The BZ edges form various saddle points.
On the other hand, the higher-energy saddle-point exciton is
not resolved into each structure due to a relatively short life-

The absorption spectra for direct transitions when an electime, and results in a broadening of spectrtiiThis Cou-
tric dipole is allowed were calculated along three principallombic excitonic effect increases the absorption coefficient in
polarizations. It is known that the calculated band gap withirthe lower-energy region. However, the increase is character-
the DFT is smaller than the experimental band gap, simplystic depending on the ratio of the exciton binding energy
because the DFT is a ground-state theory. Subsequently, (&g) to the measure of the bandwidth energy).*® For ex-
scissor method is often applied, namely, the calculated atample,Eg=4.2 and 14.3 meV for GaAs and Si, respectively,
sorption spectra are shifted up by a suitable amount of erand Eq~1 eV for both?* For this case, the ratio is only
ergy. In the present case, the calculated spectra are shifted 042 to 0.014 and so the absorption enhancement is weak in
by 0.143 eV, and shown in Fig. 5 along with the experimen-the continuous spectral region except for the discrete or qua-
tal absorption curve at an ambient pressure. The experimesicontinuous region below the band gap.AfFeSp, the ex-
tal spectra were measured fpfb) andz(c) polarizations. citon binding energy was reported to be 16 meV by analyz-

The calculated direct absorption coefficient increases iing the Rydberg seri€s.For this case, the dispersion of the
two stages. For example, thg component reaches electronic band is weak due to the localizkdlectrons in the
102 cm ! ataround 1.1 eV, and then reaches kfn ! at  electronic band andE,~0.1 eV from the calculated band

C. Comparison of experimental and calculated
absorption spectra

165215-4



OPTICAL PROPERTIES OFB-FeS), UNDER PRESSURE PHYSICAL REVIEW B 65 165215

structure in Fig. 1. Then the ratio increases to 0.16. Thiglirect gap lying several tenths of a mev higher. The indirect
value is ten times larger than that of GaAs and Si and igransition occurs along th&l" (A) direction and the direct
sufficient for the enhancement of the absorption in the contransition occurs at th¥ point. The experimental absorption
tinuous spectral region beyond the band gap. Thus a largepefficient exceeds the calculated absorption coefficients by
absorption coefficient beyond the band gap is characteristimore than two orders of magniude particularly in the range
in B-FeSp. of 0.3-0.4 eV beyond the direct band gap. We propose that a
The absorption spectra under compression were calciypossible cause for this is the saddle-point excitons. Based on
lated for three principal polarizations. The resulting spectrahe empirical expression, the pressure coefficient of the di-
are shown in Fig. 6. It is seen that under pressure the spectract band gap is determined to be 15.9 meV/GPa. Two pos-
shift in parallel to higher energies, which reproduces thesible reasons for this small pressure coefficient compared

characteristic behavior of the experimental spectra. with common semiconductors are the negative deformation
potential of the valence-band maximum and the large bulk
V. CONCLUSIONS modulus ing-FeSp.

A high-pressure optical absorption experiment on epitaxi-
ally grown B-FeSjp on Si (001) substrate and the first-
principles FLAPW calculations of band structure and optical
absorption coefficients have been reported. From the theoret- One of the author$K.T.) wishes to thank L. Anthony of
ical band structure, the band gap of relaxed epitaxially growrDkayama University of Science for a detailed reading of the
B-FeSp on Si(001) substrate is shown to be indirect with a final manuscript.
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