Electron spin . .20~ .nce studies in S-FeSi, crystals
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The electron spin resonance siudies have been carried out in the iemperaiure range [30-300 K on
semiconducting 3-FeSi, single crystals grown by a chemical vapor iransport technique. Two
anisotropic doubiet: with apparent g factors in the range 2.025-2.05 and 1.98-2.03, as well as one
complex signal having an isotropic g factor of 2.0195 and exhibiting a five-line hyperfine structure,

have been detected. The doublet signals are believed to arise from spin triple: (§

presumably, subsiitutions

1) states of,

27 aansition ions, whereas the signal exhibiting the hyperfine structure

has been attributed to the pin of a hole, capturcd by silicon vacancy and interaching with nuclear
spins of four iron atom: i the fizst shell surrounding of ihe silicon vacancy. © 1996 American

Institute of Physics. [50021-8979(96)04115-1]

Silicides form an interesting and “mportant group of
compound: compatible with siate-of-the-art semicor<uctor
oo mndegy. Yhile the majo o, o7 D Liliciae urnoout to be
i lie, some of them, inciuding the orthorhombic B phase
of iron disilinide (B-Fe! +), have . wen ound to exhibit ovs i~
conducting prot :rties.! Due io it. airect band gap? (s.g.,
-0.83-0.89 e V), as weil s reatively bigh valves of th Jall
mohiliti s for electrons a = holes™ (4, ~50 ecm¥%Vs d
1200 cea/V s, B-F 1, asbeen _.etving consideranle
attention as 2 very n.omisin: materi | fo: Si % sed photovol-
taic and optoelecwronics appl cadons. 1 “ovar, the 8 phane
of FeS.-. 1 & ali rou silizwes, exhibits bigh resistance o
oxidaion, lack of toxicity, lov.  jor pressure, as well as an
abundance of constituent e'ery ~*s in the Earth crust, the
ubove properti being also attr ctive for : :miconductor
technology.

However, there are some important pioblems to be
solved before 5-FeSi, can be efficiently used as an electronic
material, those problems beiag: (1) the difficulty of S-FeSi,
preparation due to complexity of the iron—silicon phase dia-
gram showing that iron and silicon form four compounds,
Fe,Si, FegSiy, e-FeSi, a-Fe,Sis, and B-FeSi,, among which
only FeSt and 3-FeSi, are therrnodynamically stable at room
temperature (RT); (2) the mainly (Fe)d character of the
band edge states in B-FeSi, resulting in flat vaience-band-
maximum and conduction-band-rinimum states,” so that the
deformation potential, produced by localized states in the
crystal lattice, 1 strong enough to alter the energy gap and
probably, even its nature;’ and (3) the disnensions of the
orthorhombic cell® (a=9.86 A, =779 A, ¢=7.83 A) in
which -FeSi; crystallizes provide a bad match with silicon,
resulting in misfit dislocations at the FeSi,/St interface and in
the appearance of different domains in the epitaxial films
and, therefore, in the bad crystalline quality of the films°

As a result of the above problems, most of the previous
measurements of the properties of 3-FeSi, have been carried
out on sintered samples or on polycrystalline films. Those
data, however, are either unreliable or difficult to interpret
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due to :he effecis of the substrate, 1-tciface, grain size, and
struciire. which are cifficult o evaluate.

Singlc crystals of B-FeSi, have been prepared, only re-
cenily and by on - one reseuscch aroup, by cheriicz! vapor
trans, ' VT) und usad for electronic wransport and photo-
conductivity measurements, resulting in the observation of
several defect centers with : ~*vation erergies of ~70 meV
(donorl.: defect), as well 2« -55 me’/ and ~100-120 meV
(accepto defecis). !0 i nature of these defect centers,
howeve - has nof been elucidatecC - en teatatively.

We iherefor: u  the po'  -ful method of electron spin
resonzace (SSR) o probe the naturc of defects in undoped
B-£eSi, single crystals growi: by tne CVT technique. Two
anisotropic doublets presumabiy arising from the $—=1 states
ot the divalent nickel 10w1s, =5 we'l as a signal from a hole
captured by a silicon vacancy, have been detected.

" CRVST  GRAC X T

The crystals were grown by CVT using iodine as a trans-
porting agent froin the commercially available FeSi, powder.
Apout 7 g of the powder together with iodine concentration
of about 7 mg/cm3 were sealed in an evacuated (10_6 Torr)
quartz ampoule of 18 mm inner diam and 200 mm in lengtt:,
the ampoule then being placed in the two-zone electrical fur-
nace. Two temperature profiles have been used for the
growth with the temperatures of the growth zone T, and
source zone T, being shown in Table [ together with the
temperature gradient AT, . It can be seen that the tempera-
ture of the growth zone was kept constant while that of the
source zone was gradually raised so that the temperature gra-
dient was changing from —30°C (growth zone cleaning
mode) up to 250 °C (growth No. 1) or 200 °C (growth No. 2}
dunng 14 days.

The CVT technique yielded the samples of (1) the ho-
mogeneous B-FeSi, phase, as well as (2) the a-Fe,Sis phase
with a small admixture of the eFeSi phase, i.e. (a+é) phase,
which is in accordance with the phase diagram of the Fe-Si
system.® The metallic (a+ é)-phase samples formed in the
middle of the ampoule where the temperature was high
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TABLE 1. The tempurature profite parameters for the CVT grow: b ,zther with resulling crystals zad sheir

composition determined by electron prabe microanals as (EPMA) uuing

acceleranon vultaze of 15 kV.

JEOL nncrosnalyzev with an clectron

Ohtained Compesitiun
Growth run T 1, Q) AT.. °OY [ (EPMA
No. 1 150 F20=1080 L 2250 (o€ Fe,Sis -
FeSiy .
No. 2 500 TI0=1040 —-10==100 ur€) Fe,Si
FeSi ..

enough for the formation of the high-temperature < phase of
FeSi,, wireas the crystals of rhe lov.-temperature 3-FeSi-
grew closer to the growth zone of the ampoule where the
temperature was below the temperature of the o= pha:c
transition T, 937 >C 3 Silicon was found to condense at
the colder part of thc ampoule so that crystals grew on the
deposited layer of silicon.

The crysials of the (u+e) phase were typicaily plate
shaped with dimensions of wbou: 2X2 mm- and exhibited
Jow resistivity values of about 10 > {1 cin (the phose 1s me-
tallic), whereas ¢ cry.tals of the nihorhombic & “eSi,
phase grew preduminanuy in the forn: of ¢hin needles of
abouit 10 mm in iength and showed resisiivities of the order
10° Q cm. The above results are similar to those reported by
Kloc et al.'® Tt can al<o be seen from T: )z I that the growth
process No. | resulted in 3i-rich B-Fesis crystals, whereas
the growth process No. 2 yielded Si-dcficient samples of the
B phase.

‘The crystals of S-FeSi, were then u 4 (or the ESR e
surements, which were carred out with a .z0OL X-band
spectrometer in the temperature range 130-300 K wiih the
microwave pov.er being S mW. The ' _.2 spectra were waken
on aonoriented crystais, and it tumec out that the cpectra are
different for the Si-rich and Si-deficieni samples (obtaincd
by the growth process No. 1 anc . 'o. 2, respectively) as
discussed below.

Ill. ESR RESLL : . ) DISCUST !
A. Anisotropic sianzals

Figure | shows the ESR spectra of the Si-rich {upper
trace) and Si-deficient (lower trace) B-FeSi, crystals. Four
absorptions, marked as A, A,, By, and B,, were detected in
both Si-rich and Si-deficient samples. The measurements of
the temperature dependence of the intensities of these ab-
corptions revealed that the intensities of a set of two .\; sig-
nals (i=1,2) changed simultaneously with temperature, th::
same behavior being observed for a vet of two B; signals. At
the same time, the thermal quenching of the A; signals was
different from tha: of the B, signa:s, the set of A; signals
baing quenched much faster with increasing temperature
than the set of B, signais. We, therefore, believe that the A,
and B; signals onginate from different centers.

Both A, and 3; signals are anisotropic doublets, and the
spectral positions of their ‘‘centers of gravity’' change de-
pending on the orieniation of the crystals in the range of
apparent g factors g, =2.025-2.05 and g5=1.98-2.03 for A;
and B; signals, respectively. The splitting between two sig-
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nal: in each of the A, and B, doublets is anisouopic (about
0.7~1.4 mT depcnding on the onientation of the samples),
and - relative iniensities of the signals wiihin A, and B,
doubleis alsn vury with the crystal ortentation. W, thercfore
believe that both 4, and 2, doublets arizz from some crystal
defects the ground state of which is a spin triplet (S=1),
slightly (of the order of 1 mT~5X10" * ¢ ™') split by the
effeet of a noncubic ligand ield at the sites of these defecis.
Caonsidenag  the  orthorombic  crystal  structure  of
BF Si,, which can bz viewed as 2z distoried fluoriie
(CZ 5-) smuctur Wweer ..ce. to chsilicon stom in the
B-FeSiyerva 1L has tournon  °_ bors 1 - lucal sym-
metry at ihe Si site being the dictorted 7, wherez - cach iror
atom is “urroundsd by eight ilicon atoms in the first shell
the local syne wfry at t§ sc site 2ing the d Loried O,
Tnerefore, th nsi”Hn metal fons 7 or 177 of the iron
aroup with d*- or d*- lectr« nic configuration (£=1), respec-
tively, substituting for eil. . St or Fe i sin the lati’ecc. may
zive ase o the o ved SR dou n
the chemiical analysis of our saraplew .evealed the pres-
ence »f nic el impuriiy n high concentrations (=200 ppm),
whe.eas ro vanadium h s toen deteeted. Therefore, we wn-
tivaly attnibute the ob: 21 -1 fine structures A, and/or B; to
the substitutional Ni*' occupying iron and/or silicon sites in
the crystal lattice. A lack of the Lnowledee of the exact on-
cntaiion of the camples in elation to the external magnetic
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FIG. | “ine typical ['SR spectra of the B-FeS) crysials iaken at 130 K. No
other signals were dotecied i the magnetic uela  wnge 0-800 mT.
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Figure 2 show. e de. il d &r ._qum of the < sigazl at
130 K (thick trace) and RT (thin dashcd curve). Th peak-
to-peak intensities of the five Jines are in the ratio of
1.0:3.0:5.5:3.5:0.9. It can also be seen that at RT the five-lirz
structure disappears, and some iiermal broadening of the
nackground signi! occurs due to an increasea interaction of
the spin system with phonons.

We were surpused, at first, to observe the isotropic sig-
nal from B-FeSi, exhibiting a fairly low (ortharhombic) sym-
metry. A close look at the structure of S-FeS1, and compari-
son of it with that of the cubic CaF, suucture (space group
(),5,), however, reveals that while the _ight-fold cubic coordi-
nation of St atoms around Fe © Zreaily distorted in
B-FeSi- ir comparison with CaF, he four-fold tetrahedral
coor¢  ation oi ¢ atoms aroend Ti ¢aes 16 coseniially ore-
served, excent for a slight ‘aboui 2 2%) expansion of the
Fe- Si bond lengtn® Due 0 the abov: considerations, an”
since the g factor of the C signal 1 'arger than that of a frec
electron gy =2.0023, we believe that the C signal originates
‘rom a hole (§=1/2} trapped on n silicon vacancy V; an?
equally shared by the four nearest Fe o of the firsi shell
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surrounding of V- The assignment of the C signal to the
V'3, defect is -upported by the fact that the C signal has been
observed only in the Si-deficient samples, and not in the
Stricl ones.

The :lecironic «tructure of the Vg, defect may be de-
scnbed considering that when the Si site 1s vacant, there are
four dang ' bond orbital: from the nearest Fe alnms. We
can con: vmu o cdat ob s from these dangling bonds,
- din T _ mmetrv the  sulang orbital: will consist of a

ir_ietieve' “ ana - uipty degenerate level T2.|3 The triplet
Ty b furt or spe 1w three singlets by the effert of the
e ¢ . n tuf the crystal e’ jr 3 =eSih.
1 th: hule 0y a neutr » suon vac 1Ky
Vi ving foL. C.cctrons end the total spin §,=0 will result
in a Vg defect with §,=1/2. The microwive transitions
=12 42 will then vesult in the observed ¢ signal. The
cxpecied sinail ani tropy of the C signzl due to the low
sysametey 0! dhe - w- anu third-shell surrounding of the
sihicon vucancy may be greatiy reduced by a ihormally
stimulated hopping of the hole between fyur ™ itoms, which
resulis in the detection of an ~veraged spectrum,'

Farthermore, © ¢servec five-line structure can be un-
ambiguously assiy wit hi (super)-hroeriine interaction of
the spin of the hn _ on Vg with four .ghboring nuclear
spins J=1/2 of -t nuciii. Since the tota: auclear spin of

reer TFoeowel e I,- I=2, we can xp a2t 2 - 1=5
dn el 20wl T osstue oowilais ine plete
- ¢ (TR v e demui . Since ~nt of
o o= lo s Gy oLl oor i the coher e iso-
St %0 s o7 ny  fine st oeroe ! es ars ob-

civad aa o : b Olta w2 [ Datn; wignal.
Noreove ~ « =nding _.. 0 number of possit’ . _mbina-

cons of h Juaull  numbzr m, to “orm the totsl quantum

nu aker - " s for =172 w . our equivalent Fe
nutei hen' [« the o Lcal weights as 1:4:6:4°1 for
1, =" 0, —1 eczively, whic is very close
e atte a7 of the hypertire structure

con suwent. .03t 1.7:3.5:0.9.

We, . refor:, can definitely aszign the C signal w3 ongi-
nanag from ‘he hole trapped at a silicon vacancy and equally
shared by four ncarest Fe atoms :in the crystal lattice, the
hyporfize inweraction uf the hoie spin with spins of Fe nuclei
resulting in the shightly anisotropic ligand hyperfine structure
with the hypefine interaction parameter A =(1.0-1.3)x107*
em !

The temperature dependence of the intensity of the C
csignal is shown in Fig. 3, from which we can deduce the
activation energy of the thermal emission of captured holes
from the V., defect. If an energy leve!, formed by some
defect in the ¢ gap of a cemiconductor is ‘‘shallow’’
cnough oo ._ cé. use the Hartree—scck 2 oxdmeailon
wladng *hat an npty electronic  « of the defect (Vgl, in
our :¢ e anc s iille . state 7, ., in our case) can be char-
soter o by he ca g; iev , the jomization znergy of
which can oo deduced  ram he therma quenching cutve
ceflecti..  the process of the thermal em'ssion ot captured
carml 5 ‘huies, in our o se) irox the defect leve.. From the

;iple of the detaiizd Halance. the mtensity of the T sig-
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The ESR =:tudies of the orthorhombic 3-r«¢ 3i, crystals
revealed (1) two anisotropic signals vath apparent g facors
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in the range 2.025-2.05 and 1.98-2.03, presumably originat-
ing from the fine siructure transitions within the ground trip-
let (§=1) states of substitutional Ni?* wransitions metal ions;
as well as (2) one complex signal exhibiting an isotropic g
factor of 2.019S5 und a five-ltne hyperfin: structure, ansing
from the hy~sr®~= irteraction betvecen - & =pin of a hale,

capture Ly - o sn .- ny, dwcloar spin of four L1
“Cos it o vsur undir: the licon v cancy
he .ticati . oo T U _ace otor L 2, forme Ty the

Yie o vvacaT ) was ~das. =,0210meV i o the
hermal quenciitng curve of the EL . Lipgnall
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