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Luminescence from B-FeS}, precipitates in Si. Il: Origin and nature of the photoluminescence
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In this paper we present photoluminescence, photoreflectance, and absorbance measurements on silicon
samples with3-FeS}, precipitates, as structurally characterized in the first part of this gafeG. Grimaldi
et al, Phys. Rev. B66, 085319(2002]. By comparing the photoluminescence measurements in different
experimental conditions and with excitation energy above and below the silicon threshold, by considering the
direct gap estimations by photoreflectance and absorption, we argue that the . $hotoluminescence peak
in the spectra is produced by an indirect transition in the disc-shaped precipitates. However, the latter ones are
predicted to be the most efficient configuration, acting as a trapping well for carriers generated in the silicon
matrix, and displaying a high structural quality with no dangling bonds aBtkeS} /Si interface. Our simple
model, based on band lineup at the interface, is also able to explain the temperature quenching of the photo-
luminescence peak.
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[. INTRODUCTION already been attempted by several papers for epitaxial thin
films.112%Still defects and the microstructural changes occur-
The aim of this second paper is to show that photolumi+ing in case of precipitates need a full structural character-
nescence from the samples described in the first part of thigation of the samplegwhich has been outlined in Ref) 1
papet does originate from the particular disc-shaped precipi-and a combined investigation with different optical tech-
tates(platelets of B-FeSj obtained at the end of range of niques, such as photoluminescen@d.), photoreflectance
the implanted iron. Actually we will show that it arises nei- (PR), and absorbance, along with a theoretical interpretation.
ther from other smaller and ball-shaped precipitates, whicfThis is what will be described in the following sections, end-
are also present nearby the surface, nor from defects in siling up with a model which, in our opinion, is able to explain
con (the well knownD1 band). In addition to that, we in-  also the quenching with temperature of the PL signal, and the
vestigate the nature of the fundamental gap, which is still avery puzzling question why PL arises from suitable precipi-

open question. tates and not from good-quality epitaxial films.
According to absorbance, reflectance, and photoreflec-

tance measurementg-FeSp single crystals and thin films

(both poly and mono, prepared by different techniguwesre Il EXPERIMENTAL DETAILS

shown to have a direct gap ranging at room temggrl?tulre from

0.80 to 0.89 e\[Refs. 3—1GTable )]. A few papers®-*also . L -

report an indirect gap some tens of meV lower than the direct In order to focu; our investigation on t-he most eff|C|er!t

one, in agreement with most of the calculatiéhi€3 How- samples analyzed in Ref. 1, here we consider two sets which

ever, previous photoluminescence measurements on sampl@2ve been maintained at 300°C during the implantation of
with B-FeSj, precipitate?* -8 have demonstrated a signal at 300 keV Fe ions into float zone $100) (n-type resistivity

1.54 xm (0.805 eVf which rapidly quenches with tempera- of 20 0 cm). The implantation doses of iron were 2 and
ture. Moreover, it appears in literatdre® (and by our pre- 4x10'° at/cnt in order to compare the competitive action
liminary data, quoted in the first part of this papethat the ~ of implantation defects vs FeSamount. At each implanta-
luminescence crucially depends on the microstructure of th#ion run silicon samples both polished on one and two faces
B-FeSp particles and on the interface structure betweerare simultaneously loaded. The beam current is kept to
them and the silicon matrix. Assessing the relationship be0.25 uA/cm? to prevent unintentional beam heating. The
tween the direct and the indirect gaps in this material hagmplanted samples are suitably annealed at 800 °C for 20 h

0163-1829/2002/68)/0853219)/$20.00 66 085320-1 ©2002 The American Physical Society



L. MARTINELLI et al. PHYSICAL REVIEW B 66, 085320 (2002

TABLE I. Reported literature data on the value and the nature of the g8pHeS). Room temperature is intended if it is not specified.

Sample type Preparation technique Analysis technique Direct gap Indirect gap+E,, Ref.
(eV) (eV)

Thin film IBS and solid state react. R&T inversion 0.80 3
Thin film 100 nm ion implantation Photothermal deflection 0.83 0.78 4
Polycrystalline thin film evapotariorr RTA Absorbance 0.84 5
Polycrystalline thin film sputtering Absorbance 0.84 — 0(80 K) 0.83(80 K) 6
Polycrystalline thin film IBS on $001) Transmittance 0.847 — 0.9010 K) 7
Thin film EB deposition Absorbance 0.85 8
Bulk polycristal melting Photothermal deflection 0.85 10
Thin film 18 and 35 nm sublimation on &iL1) R&T inversion 0.85 9
Epitaxial thin film MBE deposition Absorbance 0.87 0.765 11
Thin film 670 nm IBS on S001) R&T inversion 0.87 12
Thin film reactive deposition — SPE Photoreflectance 0.871 13
Epitaxial thin film MBE deposition R&T inversion 0.89 — 0.930 K) 14
Thin film IBS on S{100 R&T inversion 0.89 15
Single crystal flux transport Photoconductivity 0.8®0 K) 16

8are gap; the reported value f&, is 35 meV.

in a vacuum furnace at a pressure of 20~ Torr in order PR measurements at room temperature are performed at
to form iron disilicide precipitates and to remove the implan-near-normal incidence in the 0.75-0.95 eV range, with en-
tation damage. ergy steps and spectral resolution of 1 meV. A 100 W halo-

One set of unimplanted samples is also thermally angen lamp is used as a probe source in conjunction with a
nealed in the same conditions to get a reference for opticalouble grating monochromator. The excitation source was a
investigations. In order to discriminate between the contribu20 mwW He-Ne laser and, during a second run of measure-
tion of small ball-shaped precipitates formed nearby the surments, a 200 mW frequency doubled Nd:YAG laser, me-
face and the larger platelets located at a depth between 2%hanically chopped at a frequency of 30 and 70 Hz, respec-
and 500 nm(as described in Ref.)lwe etched both the tively. The size of the spot on the sample is about 1 2mm
samples prepared for photoluminescence and photorefleand the detector was a thermoelectrically cooled InGaAs
tance measuremengsene-face polished and for absorption photodiode. We find that the selected values of the modula-
measurementgwo-face polished tion frequency and excitation source power optimize the

The etching was performed by anodic oxidation of thesignal-to-noise ratio, according to the results of Ref. 12.
surface and hydrofluoric acidHF) removal of the oxide up We have investigated PR response of one face polished
to 550 nm* The oxidation is carried out by a galvanostat samples, in order to reduce secondary reflection from the
using an ethylene glycol/48 (3%)/KNO3 (0.04 M) solution,  backside. The penetration depth of both the probe source and
and the determination of the removed silicon layers is obthe laser beam is high enough to reach fh&eSj, precipi-
tained by photometric measurement of Si concentration inates, which lay not more than 500 nm from the surface. For
the HF solution. The estimation of our etching depth by thethis reason measurements are affected by a high offset signal
molybdenum blue methddturns out to be within 10% in  because of the photoluminescence originated by precipitates
accuracy. and silicon. The PR background was electronically bleached

We perform PL measurements exciting the samples byy lock-in acquisition system.

a 805 nm(1.54 eV} GaAs quantum well laser in the range  Transmittance of two face polished samples implanted at
1x10%-5 Wcm 2 and by a 1300 nn{0.953 eV, below different doses is measured by using two different equip-
the silicon gap InGaAs laser diode at 0.5 WCM, with a  ment, in order to compare the results and verify any possible
spot of 1 mmi. The 805 nm laser is used to excite carriersinstrumental source of error, a double-beam, double-
both in B8-FeSj and Si(the penetration length is 1@:m) monochromator photospectrometer model Varian Cary 5, and
while the 1300 nm photons are absorbed only byaHeeS}) a Fourier Transform Step-scan instrument model Bruker
precipitates. The sample temperature was varied between 1BS66s, with a nitrogen cooled InSb detector. Low tempera-
and 200 K by a closed cycle cryocooler. Luminescence wature measurements down to 15 K are performed with by
analyzed by a 25 cm focal length single monochromatar- means of a closed-circuit gas-flow cryostat. In each sample,
rel Ash 82/410 mode] detected by a thermoelectrically the unimplanted substrate is taken as a reference and the
cooled InGaAs photodiode with built-in  preamplifier absorbancies are determined with a spectral resolution of 4
[Hamamatsu G6122BD2077 model] and amplified by the nm.

lock-in technique. The reported spectra are 7 nm in resolu- Particular attention is paid to positioning the sample and
tion and 2 nm in accuracy. The reproducibility of the inten-to focusing the light on it, in order to obtain a high repro-
sity is within 5%. ducibility and to avoid spurious contributions to the transmit-
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\ FIG. 2. Position of the luminescence pedk=13 K) at about
0.0 Al LJL == T 1.47 um as function of the excitation power for the sample im-

1.0 11 12 13 14 15 16 1.7 planted with 2 10'° at/cnf.
Wavelength (um) a broad PL band in the 1.2—-1.6m range(0.77-1.03 eV.

FIG. 1. PL spectral=13 K) of samples with different implan- | order to avoid such a damage we have repeated this ex-
tation dose of Fe. The intensity of silicon intrinsic luminescence isP€riment by using anodic oxidation and removing first 190
the same for the implanted samples. nm of silicon. The corresponding PL spectrum after this
etching is compared to that one of the as-prepared sample in

tance; the measurements are repeated several times to contrd@- 3, demonstrating an enhancement of the 1,.6# peak.
the effect of any change in the configuration. The shape 0T_h|s issue can be attributed to a greater den§|ty of free car-
the spectra is always well reproduced, but for an error ofiers reaching the platelets, because of the disappearance of

0.5% due to the uncertainty in the baseline, giving rise to dhe ball-shaped precipitates along with a reduction of the
rigid shift of the whole spectruntsee below: nonradiative recombination centers, as confirmed by the en-

hancement of the intrinsic silicon luminescence. After addi-
tional etching up to 380 nntnote that our sample still con-
tains a small part of the plateletdhe intensity of the peak at

A. Photoluminescence 1.54 um is strongly reducedFig. 3), in agreement with the
esult obtained with the ion etchirf§.The peak finally dis-
ppears after removing up to 550 nm, the entire region where
he disc-shaped precipitates are located. The residual PL sig-
nal nearby 1.54,m can be due to dislocation®( band in

?‘Si, as confirmed by the presence of a peak at the energy of

Ill. RESULTS

In Fig. 1 the PL spectra of the samples at 13 K are rel
ported. It should be mentioned here that the intensity of th
intrinsic  luminescence of silicon in the region
1.09-1.20 um (1.03-1.14 eVis not significantly modified
with respect to the one of the unimplanted sample, indicatin

2

that the crystalline quality of the implanted samples is rathe he D2 band.
good. The presented PL spectfeom 1.3 to 1.7 um) pos-
sess four well-resolved peaks at 1.54, 1.47, 1.42, and 0.9 P?gtono (Z?ergc))/s(eV) 0.75
1.35 um (0.805, 0.844, 0.873, and 0.918 eV, respectivaly 0.151 : | : |
low temperature. The most intense one is at 1/, which ™ as grown
can be attributed to a recombination in iron disilicide precipi- = —m— removal of small s
tates and to th®1 band in silicon(this point will be dis- S precipitates {i
cussed more in detail later prithe weak peaks at 1.42 and S onol™ partial removal 11
1.35 um are related to thd2 band in silicon and to a = 'me°f p:a”e‘s | ifl i
radiation damage center involving carbon, respecti¥alye ~ t(;tal rt? Tova
origin of the 1.47 um peak is a donor-acceptor transition in = or platiets
silicon: it can be confirmed by a shift of the peak towards g
smaller wavelengths with increasing the pump powers is D 0.051 -
shown in Fig. 2. £

As reported in a recent paper by some oftiby using a —
low-energy Ar beam to etch the sample and by measuring the Q.
photoluminescence spectra after a progressive removal of the 0.00 B e D
surface layers, it has been shown that the luminescence peak 1.3 1.4 1.5 1.8 1.7
at 1.54 um derives from the region of the sample where Wavelength (um)

large platelet precipitates are located, at a depth close to the
end of range of the implanted ions. However, the Ar bom- FIG. 3. PL spectraT=13 K) of the sample implanted with
bardment induces structural defects in the sample, resulted i 10'° at/cn? after etching(see text
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o ) In order to distinguish the contribution of the excitation in

FIG. 4. PL spectral=13 K) of the sample containing-FeSh  5_Fegj, precipitates by direct photon absorption and by cap-
precipitategsolid line) and the plastically deformed silicon sample ture of free carriers generated in Si we have compared in Fig.
(dashed lingexciting with 805 nm(a) and 1300 nnib) laser. In the the PL spectra at 13 K obtained either by exciting the
panel b.the. baseline of the spectra is shifted up by the stray light o ample with the 805 nm laser incident from the front or from
the excitation laser. the back surface. Since the thickness of the sample
(330 um) is about 30 times larger than the penetration
. . length of the 805 nm radiation in Si, no photons are directly

Moreover, In °.fdef to dIS'tIHQUISh between (D4 band absorbed by the silicide when it is excited from the back
and a recombination i-FeSp, we have measured PL spec- side. In this case, the PL signal at 1.%4m is only due to
tra of a sample containing-FeS} precipitates and of a plas- carriers diffused t,qs’—FeSiz precipitates
tically deformed silicon sample by exciting With a 805 nm It is also interesting to trace how the behavior of the
(1h'5t4 eV taré%Sa 1300hnn|(d0.t?54 s\') lgsgré':'t% f4)' Thsg .54 pm peak depends on the temperature and pump power.
P Ic:)osn_s ah nmls r?u F Se' absorbead Loth irom o ?jn y increasing the temperature the intensity drastically low-
p-FeSp, whereas only th@-FeSp precipitates are supposed o5 the activation energy of the thermal quenching of the
to aggorb the 1300 nm _photqns, as suggested by Leor|gmine$cence(Fig. 7) is estimated to be 0.230.02 eV.
etal™ By 1.54 eV excitatiorFig. 4@)] both the samples Such a value is in a good agreement to the ones reported in

show a similar intensity in the PL signal at about 1.p4n: Ref. 25(0.2 eV) and Ref. 24(0.26 e\l. The energy of the
in the iron implanted sample is due to a recombination in ' ' ' '

B-FeSj, or to dislocations P1 band), in the plastically de-
formed sample is due to dislocations. Photon energy (eV)

The situation is different in the case of excitation at 0.954 0.9 0.9 085 0.8 0.75
eV, below silicon gafdFig. 4b)]. These photons, lager in O I —
energy than thg3-FeSj direct gap(Table ) excite carriers
into the precipitates, whereas they are possibly absorbed by
dislocations through a process involving localized states at
the defect core. However, a weak PL signal is visible at
1.54 um only is the case of sample containiBgFeS) pre-
cipitates, whereas no signal is detectable from the plastically
deformed sample, indicating than the excitation below sili-
con gap of theD1 band is a very inefficient process.

This issue evidences that the 1.524m band is mainly due
to a radiative recombination iB-FeS} precipitatesin par-
ticular, the platelefseven if we cannot exclude the presence
of some contribution also from dislocations.

We have also fitted the experimental dependence of the
1.54 um peak position on temperatuf@om 13 to 215 K, 0.00 : . —
by applying the semiempirical Varshni's 1&%(Fig. 5). There 1.3 1.4 1.5 1.6 1.7
is no indication of any ionization of localized states in this Wave|ength (um)
plot and we can conclude that this emission is originated by
a band to band transition in the disilicide, even at low tem- FIG. 6. PL spectraT=13 K) of the sample implanted with
perature. 2x10'® at/cn? exciting on the front or back side.

— Excitation on the implanted side
- Excitation on the back side

)
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TABLE II. The principle-axis components of the effective-mass

w . - * tensor(given in units of the free-electron mader holes and elec-
= ] | AP
5 Nt trons in B-FeSp.
g |
S . A* Y
2 0. My myy mg, Myx myy Mz,
(7] »
& = Hole 111 083 081 021 027 027
f . Electrons >1 127 083 883
0001 = 0.0045 0.0050 0.0055 0.0060 0.0065 7

000 002 004  0.06 B. Photoreflectance

1T (K7 Photoreflectance is very useful in assessing the direct gap

of the precipitate$® and in considering its relation to the
FIG. 7. PL intensity of the 1.54um peak as a function of gjfferent microstructure. In Fig. 9 the PR spectrum is re-
temperature. ported before and after the removal of 190 nm thick surface
layer. According to Aspné$we have fitted the line shape of
maximum and the width of the PL band at 1.54m are th(nT modulat(_ad reflectance signal I_R/R) around any critical
reported as a function of the pump power in Fig. 8, showingP@int (CP) with the usual expression
a moderate increase only for power density greater than a
few Wcm 2 as a consequence of band filling. The width of ﬁ: RECEE—E,+il) "]
. . . Cc 1
the PL peak at low excitation density at 15(KL meV\) can R
be attributed to the variation in the energy gap for different
platelets, because of confinement along the small width o

these precipitatessome 20 nm In order to estimate this go4,, and to the electrooptic modulation mechanism of the
issue, we have calculated the effective mass of electrons al tive electric field at the surface of the sample. The expo-

holes**® (summarized in Table Jlin the framework of the  entn is determined by the type of CP. Following Ref. 13
full-potential ab initio method outlined in Ref. 21. An ex- e assume a valum=2.5, which is valid for three- ’
ceedingly large value for the electrons at thé point was  dimensional CP describing@lirect band to band transitions
predicted due to the very flat nature of ttheands. However, in pulk samples’3® E. andI" are the physical parameters
in the valence band maximum at the Y point, where lagefelated to the transition energy and the line broadening, re-
p-state contributions are fourtldwe havem,=0.25m, and  spectively.

the confinement energy for holes in a platelet as thick as 10 In order to fit the first of our spectféig. (a)], taken at a
nm is about 6 meV, and it turns to 2 meV for a thickness ofmodulation frequency of 30 Hz, we need a two line model
20 nm. The confinement is obviously negligible in case ofwhich yields the values E;;=0.81+0.005 eV, I';
electrons(due to the large effective mass, Tablg¢ dnd for =31 meV, E.,=0.87+0.005 eV, andl',=17 meV. The
the holes along the disc facgsFeSj (101) or (110).

here C and ¢ are an amplitude coefficient and a phase
actor, respectively. They are related to the experimental

0.4
0.3} S
0.810 ' L L L L 14
1 0.2} -
1
< 0.808: 4 FWHM [ b ol I
o ITIXIIIIXII 1414 n c -
= L1111 11Ty 1101 1!l = (g .
c 0.806 10 T < 0.0k _.:'__‘_~""‘.‘.','.,,‘: 4 L
o <
= % ]- = =
@D 0.804- 8 — 0.1}k L
X @ ot
8 0.802- e < 0.2} et L
o B Peak position
0.800 ' y - T - 4 0875 080 085 000 0.5
00001 0001 0.01 0.1 1 10

Pex (Wem 2) Energy (eV)

FIG. 9. Photoreflectance spectra at room temperature of samples
FIG. 8. Position and FWHM of the luminescence pedk ( implanted with 2<10' at/cn?: (a) using a He-Ne laser chopped at

=13 K) at 1.54 um as a function of the excitation power for the 20 Hz; (b) using a Nd:YAG laser chopped at 70 Hz before &od

sample implanted with 10" at/cnf. after the removing of a 190 nm layer from the sample surface.
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A case it is also interesting to plot the difference between the
0.0124 4xt0 * Fe/em’ i two spectraFig. 10@)] and compare it with the results re-
1 ";ii’;:ec:eniz/cm ported in the literature concerning the implantation-related
0.008 B defects in silicon. The spectral features of the difference
curve closely resemble those of a damaged sample by ion
[ implantation presented in Fig. (@. In particular, the broad
0-004- i i structure centered at about 0.7 eV has been ascribed to defect
’ levels produced by implant and its strength has been corre-
lated to the implantation dosé&$Another defect component
0.0124 450" Fe/om? R (such as dislocationscould also affect the absorptign in-
b - 4x10" Fejom” etched (190 nm) I crease near 1 eV. Actually, some very small anomalies were
difference ; observed in the low temperature absorbance spectra around
A 0.88 and 0.92 eV, which could be related to the detected 1.42
and 1.35um PL peaks. Contributions from defects should
be responsible for the nonzero absorbance values between
0.5 eV and the absorption edge of iron disilicid®7-0.8
eV); this is particularly evident for the sample with higher
_ L implantation dos¢Fig. 10a)].
15.] [ Moreover, as already observed in the PR measurements,
10 i the small ball-shaped precipitates BfFeSj close to the
surface also affect our results. Actually, after etching about
190 nm the spectrum, which is mainly stemming from the
05 06 07 08 09 1.0 1.1 large disk-shaped precipitates, has a sizeable increase in in-
Photon energy (eV) tensity just' after 0.8 e\fFig. 1Qb)]. _The diffe_re.nce curve
here contains both defect and strained precipitate contribu-
FIG. 10. Absorbance spectrd €300 K) of samples with dif-  tions, and it is slightly different with respect to the one pre-
ferent implantation dosés) and after etchingb), along with their ~ sented in Fig. 1@&). We also note that such spurious contri-
difference. For sake of comparison, the absorbance spectrum of d#utions give rise to a smooth, almost constant upward shift in
implant-damaged sample) is reported from Ref. 39. the absorbance at the 0.7-0.9 eV spectral regtamn 10b)].
Still, as observed before, a lack of proportionality seems
to exist between the absorbance intensities and the implanta-
second structure corresponds to the one observed by Wartign dose. We found a better quantitative agreement by con-
et al*® on aB-FeSj thin film. sidering the phase and interface effects, implying a contribu-
A further measurement on a second sample obtained wition to the optical response, as related to the real part of the
the same preparation parameters, by a more powerful lasépmplex refraction index and to the spatial distribution of the
(modulated at 70 Hz produces the spectrum displayed in iron disilicide precipitates inside the substrate. By using an
Fig. 9b). The result is very similar to the precedent one, butappropriate model of the sampl¢as deduced from TEM
for a phase change due to the different experimental condimages presented in Ref) Bnd the optical functions re-
tions, and a small blueshift of the first PR feature. Finally, theported in the literatuf one can fairly well reproduce our
measurement performed on a sample where the first 190 ngxperimental results with an iron content corresponding to
have been removed from the surface by wet etching, showige implantation doses.
the spectrum reported in Fig(®. The first structure at about ~ Absorbance provides a characterization of the gap nature,
0.81-0.83 eV disappears, whereas the one at 0.87 eV istill in our case we have to pay attention to the defect con-
creases in intensity. As a conclusion, one can ascribe thgibution. We decided1) to take the sample implanted with
low-energy structure to small ball shaped precipitates nedihe lowest dose to be the reference one, having the lowest
the surface, giving rise to a relatively big contribution to defect density(2) to assume that a defect-related absorbance
photoreflectance because of the more efficient modulatioRackground is affecting the results below 0.7 eV and to shift
mechanism. The contribution corresponding to the lghge  our baseline up to the value measured at 0.7 eV. The second
minescent platelets is modulated around 0.87 ¢ room  point is essentially given dd hoc¢ and can be justified on

temperaturg in agreement to the results obtained for thinthe basis of the defect spectrum shown in Fig(cl@nd
films.13 observation given in Fig. 18). The plot of the square ab-

sorbance vs. frequency corrected by taking the baseline is
shown in Fig. 11. A similar result was obtained for the
sample with the larger dose. The plot points to a direct gap
A complementary investigation is provided by absorbancevalue (at RT) close to the energy of the first structure ob-
measurements, which are, in fact, very sensitive to the deserved in PR at 0.81-0.83 eV. One has to consider that the
fects present in the sample. Thus, it is clearly seen that thstrained precipitate@s well as the defects near the surface
shape of the absorbance curves of the two samples with difire also affecting the absorbance by adding a smooth contri-
ferent implantation doses is not the safey. 10@)]. In this  bution to it[Fig. 10b)]. As a matter of fact, the absorbance

Absorbance

0.008 -~

0.004

o (10°cm™)

5 . U. Zammit et al. cl

C. Absorption
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FIG. 11. Square of the absorbance spectra measured on the FIG. 12. Absorbance spectra measured on the sample implanted
sample implanted with 2 10' at/cn? at several temperatures be- with 2x 10" at/cn? at several temperatures between 15 and 300
tween 15 and 300 K. The crossing of the linear behavior at the<. The corresponding derivatives are also shdlires are drawn as
highest energies with the baseline is shown to indicate one estima guide to eyg
tion of the direct gap energy. For comparison, the room temperature
spectrum of the sample implanted with<40' at/cn? after the
etching of the first 190 nm from the surface is also shddotted  ¢o|lected in literature on the origin and nature of lumines-
line). These data have bgen reduced by a factor 0.5 to be comparggyce fromB-FeSh, three basic questions still remain to be
to the data of a different implant dose. assessed in the most efficient situation, which appears to be

the one of the iron disilicide precipitates in silicon. Is the

- 1.54 um luminescence originated B+FeS}, precipitates or
of the etched sample at RT indicates a larger value of aboq{ comes from nearby defects? Is it generated by a direct or

0.85 erIgFi?' 12). LhimgSt r(e(jliable_eyaluati_on r?f ti@ége(?l) q an indirect recombination of the carriers? How does the mi-
gap of the large, disk-shaped precipitates is then obtained by ,q,cture (size, morphology, and epitaxial relationship

finding the change in the slope of the absorbaltite peak of i glicor) affect the efficiency of the luminescence pro-
the first derivativé®). Thus, in Fig. 12 the absorbancies mea-

sured on the nonetched sample are shown together with their

derivatives demonstrating the evolution of the spectra with 0.90 »as
the temperature and the shift of the main structure connected R R
with the absorption edge @#-FeSp. S 088 [
The direct gap is evaluated to be 0.838.010 eV at o T}
room temperature, increasing up to 0.80R005 eV at low 3 r
temperature. For the sake of comparison our gap values are o 086
plotted in Fig. 13 together with some results on thin films & ~. S
from literature. go84pT L Ne }\’\. N
We also tried to extend the analysis of our absorbancies to O e extrapolal\i;n -
the indirect gap. Some qualitative indications of an indirect 0.82 =+ & this work - change of siope TN
gap behavior exist, but the intensity is so low with respect to St |
noise that any quantitative evaluation is completely hindered. 0 50 100 150 200 250 300

Temperature (K)

IV. MODEL AND CONCLUSIONS ) ) )
FIG. 13. Temperature dependence of direct transitas in-

Despite many datdboth experimental and theoretical, ferred from Figs. 11 and 22n comparison with some literature
several of them contradictory one with anothbave been data.
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cess? Here we present our interpretation and a model, whicible direct gap value of thg-FeSj platelets has to be
explains the activation energy of the PL thermal quenchinground 0.85-0.86 eV at room temperature, as obtained on
and the rather good efficiency of the platelet configuration. the etched sample, increasing up to 0.90 eV at the lowest
The first and the last questions are fairly well settled bytemperature.
many concurring experimental evidences reported in this pa- Anyway is clear that the value obtained for direct gap is
per: by the analysis of the TEM images and the prediction ofncompatible with the PL structure observed at 1.
the molecular dynamics simulation in Ref. 1, where our low-(0.805 e\f at lower temperatures. From absorption measure-
dose samples are predicted to have very few defects nearbyents on our samples, becouse of the small amount of sili-
the platelets(just behind thery by the decrease of the PL cjde present, is impossible to obtain information about the
signal intensity in progressively removing the region wherejngirect gap. However, by considering the response to the
the platelets are located; by the PL excitation at the energy iR300 nm exciting radiation and an average absorbance of

between the gap of Si and the estimated ong3éfeSh, 31073 at the same wavelength, as deduced by the absor-

showing luminescence in the case of our samples, notin thg, -6 gata, we have estimated the efficiency at 13 K of the
case of mechanically induced dislocations in unimplante

i ( di X f Fig.) 4Moreover, one additional adiative transition at 1.54um to be of the order of 1(F,
stlicon (see discussion ot Fig.): ’ very close to the one measured for silicon intrinsic lumines-

proof will be provided by our interpretation of the activation :
energy for the temperature quenching in the following: toCence: Therefore, by assuming the 1.54n peak to refer to

this end a good estimation of the gap size is first necessary, P X
In fact, a V\?ide spread of values isgrtfported in the Iiteratureg'ency and the long lifetime (6Qus, as reported in Ref. 24
and a tentative summary of the situation is presented i€ €stimate its energy at RT by summinByonon
Table I. [~0.035 eV(Ref. 11] to the PL peack at low temperature
Some papers report a direct gap around 0.8 eV; somt).802 eV and extrapolating the value at RT by the Varshni
others(few oneg suggest a value larger than 0.87 eV at roomfit of Fig. 5. We obtainEg‘d=O.776 eV at RT, which is in
temperature, whereas the most part of the references indicag@od agreement with the value obtained by an absorption
a value ranging from 0.83 to 0.85 eV for the direct gap andmeasurement on a epitaxigtFeSi film on Si!* when the
an indirect gap 50 to 70 meV below. Actually, it is difficult to contribution of the excitons at the absorbance is subtracted.
disentangle the spectral shape at the absorption edge from This picture is also consistent to the very recent full po-
interference effects, impurity, and defects absorption. Moretgntial calculations by some of thsand to most of the pre-
over, the material properties themselves can also be affectggly ;s ap initio calculations’’~2%222%eporting a direct gap at

by strain and orien_tation of the crystalline grgins. The O,nlythe Y point and an indirect gap between the valence band
three papers reporting the temperature evolution of the d're%aximum atY and the conduction band minimum, approxi-

gap agreddespite the different sample form and measure-mately midway alond’-Z, some 50 meV smaller. Moreover,

ment techniqugsin finding a value around 0.9 eV at lower the low value of the oscillator strength of these indirect and

temperatures, decreasing down to 0.84-0.85 eV at roora'rect transitions has been estimated and it is shown to be an
temperature. Such results are reported in Fig. 13 togetherJ

with our data. intrinsic feature of,B-Fe'Siz.zil‘.23 Therefore, for what con-
The position of the slope change in our absorbance Spe&_erns the secor?d qugstlon, itis very likely that the fundamen-
tra for precipitategFig. 12 almost perfectly agrees with the tal gap nature is indirect and_that it corresponds to the one
literature data(thin films or single crystals The extrapola- €Stimated by PL at 0.776 eV in RT measurements.
tion from the plots of our results in Fig. 11 suggests a lower In case of platelets an indirect transition could be efficient
value for the direct gap. This is because of the contributiorPnly if nonradiative centers are avoided and the electron-hole
coming from different type of precipitates. Some of thempairs are confined into the precipitates. In fact, the interface
(small and ballshapégare under stress and a variation in defects are minimized by the very good structural matching
their gap value is expected. In particular, for the strainedat the3-FeSp(110) or(101) interface with S{111) on rather
configuration reported in Ref. 1 we estimated by pseudopobig area, and no dangling bonds are also predicted there.
tentials calculations that the gap, still indirect, is sizeablyMoreover, by considering the value of conduction band off-
reduced"’ In fact, the results of photoreflectance measureset reported in Refs. 42 and &Fz=0.22 eV and the gap
ments, which is a technique selectively sensitive to a direcsize at low temperatures of silicail.17 eV} and B-FeSp
gap related transitiofiband-band or excitdfi] exhibit two  (0.84 eV, as deduced from PL measuremente obtain
structures: the one at 0.87 €RT) is the same as reported in AE,5=0.11 eV. This picture is consistent to a trapping of
the literature for this experiment on thin films; the other one,electron-hole pair§mostly produced in the silicon matjix
at 0.81-0.83 e(RT), seems to be compatible with the low into the disilicide(see discussion to Fig.)6and to an acti-
gap value suggested by Fig. 11. As a matter of fact ouwation energy of the temperature quenchige. 7) equal to
samples contain small ball-shaped nanocrystals near the suhe energy required for the escape from the platelets of both
face and larger relaxed platelets at a deeper distance from tlvarriers.
surface(as described in Ref.)1The measurements after re-  In conclusion we believe the poor efficiency of good qual-
moving the first onegetching 190 nmshowed the low en- ity epitaxial films to be partially related to the absence of
ergy structure to be related to such strained nanocrystalsapping regions for the electron-hole pairs, partially to the
[Figs. 9c) and 1@b)]. Therefore, we believe the more reli- presence of surface recombination centers. From the other
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