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Optical and structural properties of B -FeSi, precipitate layers in silicon
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Semiconducting iron disilicidg3-FeS}) precipitates in silicon were fabricated by ion beam
synthesis. The samples were characterized by Raman spectroscopy, transmission electron
microscopy, and photoluminescence spectroscopy. By comparison Witfe&) single crystal, the

silicide precipitates are found to be unstrained in all cases, so there is no correlation between strain
and photoluminescence efficiency. Our results indicate that carrier recombination at silicon
dislocations is sufficient to explain the photoluminescence in our sample2068 American
Institute of Physics.[DOI: 10.1063/1.1576902

INTRODUCTION transition is characterized by a short radiative lifettfrend,
provided the defect density is low enough, a high quantum

Semiconducting iron disilicidés-FeSy) is considered efficiency. However, quantum efficiency is difficult to mea-

as a promising material for silicon based optoelectronics dusure directly. So far, only rough estimates of the quantum

to its band gap of about 0.8 é\¢ This energy corresponds to efficiencies achieved iB-FeS) precipitate layers in silicon

a wavelength of 1.55.:m, which is of considerable interest have been given, being on the order of “f0at low

for applications in optical fiber based telecommunications. temperature3.Consequently, information on the decay time
In recent years, research interest has been focused @i the light emission from the silicide layers would be very

iron disilicide precipitates in a silicon host matrix. Notably, useful for resolving the issues mentioned. An earlier report

room temperature electroluminescence from a diode basesh the decay time of the 1.56m emission line gave a long

on such a structure has been demonstrafBus device has decay time of 60us at a temperature of 20 K, which the

been fabricated by ion beam synthe$BS) (for a review of  authors interpreted as indicating an indirect transition.

this method, see Ref)4producing silicide precipitates in the It has been shown experimentally and theoretically that

junction region of a conventional silicop-n diode. Similar iron disilicide is an indirect semiconductér'°with a direct

results have been reported for spherical iron disilicide pregap some tens of meV above the indirect one. The calcula-

cipitates grown by reactive deposition epitaxy. tions have clearly shown a high sensitivity of tjgeFeSh
However, it is still a matter of debate whether the light band structure to strain. In some epitaxial configuratighs,

emission in such a structure is really due to recombination ifFeS} on a silicon substrate is predicted to have a direct band

the silicide. There are two issues. First, in the spectral regiogap. Whether these strain effects have any influence on the

where the band to band recombination from the silicide isoptical properties of iron disilicide precipitates in silicon has

expected, there are also lines originating from recombinatiomot yet been shown conclusively, although some steps in this

at extended defects in the silicon matfi¥hese so calle®  direction have been takefi*’

lines have also been used in a demonstrator light emitting In this work, we focus on experimental attempts to

device operating at room temperatir&econd, no light clarify the physical origin of the 0.8 eV light emission from

emission has been reported f81FeSj, single crystals, sup- B-FeS} precipitate layers in silicon. The precipitate micro-

posedly because they lack sufficient purity. In addition, re-structure has been varied by modifying the processing pa-

ports of light emission from epitaxig8-FeS}, layers on sili- rameters such as implant dose and annealing scheme. The

con have been quite scart®. Thus, the intrinsic structural quality and the strain state of the silicide were

luminescence properties of beta iron disilicide are not welinvestigated by Raman spectroscopy. Continuous wave and

established. time resolved photoluminescence spectroscopy were used to
Since it is difficult, using continuous wave photolumi- investigate the optical properties of the layers.

nescencgPL) measurements alone, to distinguish silicide

related luminescence from dislocation related luminescencgsXPERIMENT

additional information is needed. This can be gained by time

dependent Iluminescence measurements. A direct, allowed AS Starting material we used Qigh resisitivity;type,
float zone(100) silicon wafers. Iron t°Fe) was implanted at

an energy of 200 keV. The projected range of this implant is
IFAX: (+49)2461 61 6656; electronic mail: b.schuller@fz-juelich.de 150 nm.
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TABLE I. Sample processing details. The implantation energy was 200 keV in all cases.

Sample Iron dose Furnace annealing Rapid thermal annealing
A 3 X 10Y fen? 830°C/18 h —
B 3 X 10 /en? 900 °C/18 h —
C 3 X 10Y fen? 830°C/18 h 900 °C/10 min
D 1 x 10% /cm? 830°C/18 h —
E 2 X 10% /cn? 830°C/18 h 900 °C/9 mi#1100 °C/5 s
F 2 X 10 /cn? 830°C/18 h 900 °C/9 mir1100 °C/30 s

During the implantation the wafer was heated to 450 °Cmaking it possible to look for “fast” and “slow” compo-
to prevent amorphization of the silicon. The samples weraents of the luminescence, i.e., to check whether the lumi-
annealed in a conventional furnace at 830—900 °C for 18 h imescence spectrum changes with time.
vacuum. Prior to the anneal, the samples were capped with
50 nm SIQ deposited by plasma enhanced chemical VapOR - TS AND DISCUSSION
deposition at 350 °C to protect the samples from contamina-
tion and thermal etching. The microstructure of the “high dose” samples produced
In some cases, rapid thermal annealing in an argon aby implantation of 3K 10/ cm™ 2 Fe' and annealing using
mosphere was performed prior to the furnace annealing. various scheme&see Table)lis shown in the cross sectional
We distinguish “high dose” samples, where an iron dosetransmission electron microscopyEM) micrographs in Fig.
of 3x 107 cm~? was implanted, and “low dose” samples, 1. In the case of a single furnace annealing step at 830 °C,
where the dose was 1 or10'® cm 2. Table | gives an large, irregular silicide precipitates are formégg. 1, top.
overview about the processing parameters for the samplesnnealing at 900 °C leads to a much worse microstructure
investigated in this work. A8-FeSj single crystal grown by (Fig. 1 middlg. The structure of the silicide layer is greatly
the chemical transport method was provided to us by Limproved by the additional rapid thermal annealing step per-
lvanenko®® formed in the case of sample C. As the cross sectional TEM
Raman spectra were recorded at room temperature by micrograph in Fig. 1(bottom shows, a 180—200 nm thick
liquid nitrogen cooled multichannel charge-coupled devicdayer with a very flat interface to the silicon substrate is
(CCD) detector attached to a SPEX 1404 double monochroformed. However, the silicide layer is not completely con-
mator. The resolution of the Raman measurements is limitetnuous.
by the discrete channels of the CCD, and is about 0.5%cm The crystalline quality of the individual grains of all
As excitation source the 647 nm line of a krypton ion laserthree of the high dose samplé&, B, and Q is very good.
was used. This is evidenced by the Raman spectra shown in Fig. 2. The
We used two different setups to measure continuousharacteristig3-FeSi lines® are very narrow. The full width
wave (cw) PL and time resolved PL, respectively. The cw at half maximum of the 246 cmt main peak is 2.5 cm';
spectra were measured in a Bruker IFS66v Fourier transforrthis is comparable to the values found in the literature for
spectrometer, using a liquid nitrogen cooled germanium debulk g-FeS}, crystals. For comparison, the topmost graph in
tector. Excitation was provided by the 488 nm line of anFig. 2 shows a Raman spectrum of3e-eS}, single crystal
argon ion laser, with an excitation flux of 10 mW/rAinThe  measured with our system. The additional weak peak at
illuminated area on the sample was about 20%mifime  ~300 cmi ! present in thgs-FeSy/Si samples is attributed to
resolved photoluminescence was measured using a time cdhe LA phonon of the silicon matrix. It is important to note
related photon counting setup connected to a SPEX 168that the positions of thg-FeS) peaks agree to within 0.5
single monochromator. A Hamamatsu R5509-72 photomulticm™ ! in all samples, including the single crystal.
plier tube(PMT) served as a detector; its spectral sensitivity =~ The presence of strain would manifest itself in a Raman
range is 300-1700 nm. The PMT is operated at a temperdine shift, or, in the case of a distribution of precipitates in
ture of —80 °C to reduce the dark current to less than 1 countifferent strain states, a broadening of the lines. So we con-
per microsecond. As excitation source we used a 504 nm dydude that the3-FeS}, has fully relaxed during the 18 h an-
laser, which is pumped by a nitrogen laser operating at 33nealing procedure. The continuous wave photoluminescence
nm. The laser provides 5 ns wide pulses at a frequency of 18t low temperaturé10 K) of the high dose sample#\, B,
Hz. The average output power is 1@Q) per pulse, which and Q is shown in Fig. 3. All samples show PL of similar
was focusedd a 1 mn? spot on the sample. In pure silicon, intensity, with a broad feature at 0.8 eV. Additionally, in the
the penetration depth of the 504 nm light is aboytrh. I case of samples A and B the silicon exiton peak at 1.097 eV
iron disilicide, with its much higher absorption, the penetra-can be observed. In the structurally better sample C, the
tion depth is approximately 30 nm. overall PL intensity of the 0.8 eV peak is similar. The silicon
The setup can be operated in two mod@és:the time  exciton peak cannot be observed in this case, since the sili-
decay of the luminescence at a given wavelength can beide layer is almost continuous, preventing excitation of the
measuredf{ii) spectra can be measured within a fixed timesilicon substrate. The luminescence decreases drastically
window with respect to the excitation pulse. This secondupon temperature increaggot shown, indicating a strong
mode allows taking “snapshots” of the PL spectrum, thusinfluence of nonradiative processes. The PL intensity of the
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FIG. 3. Photoluminescence spectrg@FeSj/Si samples A, B, and C taken
at 10 K.

high dose samples is too low to perform time resolved mea-
surements. Consequently, an identification of the physical re-
combination mechanism is impossible. However, in view of
the low efficiency of the light emission, a direct transition in
the silicide is highly unlikely.
—— j We now turn to the structural and optical properties of

200nm 3 i : the low dose samples. A cross-sectional TEM micrograph of
RO g T . e the precipitate layer formed after implantation of'4Ge/

FeSi, » cn? and annealing at 830 °C for 18(kample D is shown in

. SRS e Fig. 4. The silicide precipitates are located at a depth of

about 180 nm and are mostly faceted and aligned ajbht}
planes. They are of excellent crystalline quality, as evidenced
by the Raman spectrum shown in Fig. 5. Again, we find very
narrow Raman lines at positions coinciding with those of the
reference sample C and tigeFeS} single crystal. The addi-
tional broad peak at 300 cM that is not seen in the single
crystal and that is only weakly present in the high dose
samples originates from the silicon substrétee LA pho-
non). Again, we conclude from the positions and the widths
of the Raman peaks that the silicide precipitates are fully
relaxed.

The continuous wave PL spectrum a6 K of this
sample(D) is shown in Fig. 6(inse. The main peak at 0.8
eV is accompanied by weaker peaks at 0.87 and 0.93 eV, and
a broad background component. The peak locations coincide
with those of the well knowD lines originating from dislo-
cations in the silicon matri%However, the ‘D4” line at ~1

FIG. 1. Cross section TEM micrographs of high dgsEeSp/Si samples A
(top), B (middle), and C(bottom). For the processing details, see Table I.
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FIG. 2. Raman spectra @-FeSjp/Si samples A, B, and C. For comparison, FIG. 4. Cross section TEM g8-FeSj precipitates in S{sample D, pro-

a spectrum taken on g-FeSj single crystal is shown. The spectra have duced by hot implantation of 4 10'® Fe cm * and annealing at 830 °C for
been vertically shifted for clarity. 18 h.
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FIG. 7. PL spectra of3-FeSi/Si sample D at 10 K taken at different time
windows 0—500 ns and 0.5—%0s with respect to the excitation. The spec-
tra have been normalized to the same peak intensity.

FIG. 5. Raman spectrum @#-FeSj precipitates in Sisample D.

eV is not present in our samples. The overall PL intensity is
two orders of magnitude higher than in the high dose

samples. We find that the dependence of the PL intehsity  andp line luminescence, since one would expect the former
the excitation poweP is given approximately by a square g have a different line shape compared to the latter. To sum-
root law | ~P%° with a tendency to saturate at high excita- marize the results of the PL measurements, we found no
tion. This was already noted for IBS-FeS, by Katsumata  gyjigence for a fast, direct transition. The observed behavior
and co-yvorker§: Similar behavior is reported for thg line s consistent with the assumption of an indirect transition. In
dislocation luminescence in silicon based samﬁe$he fact, it is entirely possible and even sensible to attribute the
time dependence of the 0.8 eV emissiomat10 K is given  gpserved PL properties to recombination at silicon defects,
in Fig. 6. The decay curve can be fitted well by two expo-since only a single luminescence mechanism is found to be
nentials, with a “fast” component having a decay time of 4 present.
ws, and a “slow” component which has a decay time of 17 £ina|ly, we present a comparison of luminescence from a
ps. A similar behavior has been reported by Fukasal.  pegj, precipitate layer where no semiconductif@phase
for dislocation PL in SiGe/Si Iaye?&,where the.decay times  silicide is present, with that from A-FeSj, sample prepared
were ~200 and 1000 ns. The decay times in our sampleg;sing comparable conditions. Figure 8 shows the PL spectra
decrease with increasing temperature, which can be efyr samples E and F, which underwent a high temperature
plained by an increased influence of nonradiative recomblna(lloo °Q annealing step prior to the 830°C/18 h furnace
tion. o anneal. For sample F, annealing for 30 s aboveghe «

The spectral features of the 0.8 eV emission do Nojpase transition temperature results in a complete loss of the
change significantly during the time decay, as shqwn in F'ggB-phase Raman signatur&ig. 8, inse}, i.e., only the e
7, where we show two spectra taken at time windows Olyhase is present. The PL signal, however, is still present,
0-500 ns and 0.5-1fs, respectively. albeit with its intensity reduced to about 50%. Therefore, it is

The position and the width of the 0.8 eV peak changecasonable to assume that the PL in BiEeS), sample E

only marginally, if at all, on varying the time window. The qses not originate from the silicide, but from defects in the
results of the time resolved measurements rule out the PoS;jicon host material.

sibility of a superposition of silicide related luminescence
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FIG. 6. Time dependent photoluminescenceBefeSp/Si sample D, taken
at T=10 K and a wavelength of 1545 nm. Inset: continuous wave PL takerFIG. 8. Continuous wave PL spectraTat 10 K of FeSj/Si samples E and
atT=6 K. F. The inset shows the corresponding Raman spectra.
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