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Hole mobility of p-type B-FeSi, thin films grown from Si/Fe multilayers
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The hole mobility of intentionally undopegttype B-FeSj, thin films grown by a multilayer method

was investigated. With increasing annealing temperature and time, the hole mobility increased to
approximately 450 cAiV s at room temperatur@RT). The observed hole mobility was analyzed by
considering various carrier scatterings such as acoustic-phonon and polar-optical-phonon
scatterings, intervalley scattering, ionized impurity scattering, and grain-boundary scattering. The
nice fit of the mobility to the experimental results reveals that the polar-optical-phonon scattering
determines the hole mobility at RT. @005 American Institute of Physics

[DOI: 10.1063/1.1891279

I. INTRODUCTION strates with resistivity higher than 30@Dcm was used. The

B-FeSi has been attracting significant attention due togrowth progedurg for high!ﬂ/lOO]—orienFedﬁ-Fesz films hgs
its large absorption coefficient of over Slom™ at 1 eV? ~ Peen described in a previous repoFirstly, a 20-nm-thick
Recent reports on light-emitting diodes operating at theS-FeSk template was grown at 470 °C by reactive deposi-
wavelength corresponding to optical fiber communicationtion epitaxy (RDE),’ that is Fe deposition on a hot Si sub-
(~1.5 um) have renewed interest iﬁ—FeSiz.Z'?’ Therefore, Strate. Fe deposition rate was 0.6 nm/rhifihe template
B-FeSj, is considered to be promising as an infrared lightlayer was grown in order to control the crystal orientation of
emitter and a detector on Si substrates. In the past decadetl®e B-FeSp film.® Fourty-two periods of the
number of growth methods have been attempted for the fal8i(1.6 nm/Feg0.6 nm multilayers corresponding to a 90-
rication of B-FeS} films. However, the electron and hole nm-thick 8-FeSj, film including the template were then de-
mobilities for 3-FeS} have been relatively low in all these posited. The deposited Si/Fe atomic ratio was approximately
cases, typically on the order of several tens of &¥hs at 1.6, After the deposition, the wafers were transferred to an-
room temperaturéRT). In an earlier study, we were able to other vacuum chamber to cover the multilayers with an ap-
obtain a hole mobility ofu,=13 000 cri/V's at 50 K (uyp proximately 100-nm-thick Si@capping layer by electron-
2450_‘3”"?/\/5 at RT) by high-temperature900 °Q and  pheam evaporation of SiOpellets. The wafers were then
long-time (14 h) annealing of highly{ 100]-orientedp-type  5nnealed in an Ar atmosphere at 800 °@ ®oh to form a
B-FeS;, films grown from Si/Fe multilayers using templates continuousB-FeSj, film. The samples were further annealed

and a SiQ capping layef. However, the scattering mecha- at 900 °C for 1 or 14 h in order to improve the crystalline

nisms affecting the measured mobility have not been clari- " . . .
fied. Furthermore, the highest mobility that could be ob-quallty of B-FeSp. The SiQ capping layer prevents aggre-

tained inB-FeS) at RT, which is very important for device gation of the-FeS; film into islands? Samples were pre-
applications, has not l:;een clarified pared as summarized in Table I. The ohmic contacts were

The purpose of the present work is to analyze the temformed on thes-FesS film after removal of the Si®cap-
perature dependence of hole mobility in this high-qualityPind layer using buffered HF solutiofHF:NH,F=1:43.
B-FeS) film and to elucidate carrier scattering mechanisms! he hole density and mobility were measured at tempera-
in B-FeSh.

TABLE |. Sample preparation conditions. Thickness @feSp, and the
Il. EXPERIMENTAL METHODS annealing conditions are listed for the three samples used.

_An ion-pumped m0|eCU|ar'beam_ epitakylBE) SySt_em Sample  B-FeSj film (hm)  Formation of3-FeSp  Annealing
equipped with electron gun evaporation sources for Si and Fe

was used in this study-type floating-zone S{001) sub- A 90 800°C/3 h no
B 90 800 °C/3 h 900 °C/1 h
c 9 800 °C/3 h 900 °C/14 h
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(a) Temperature [K] When the annealing temperature was raised from 800 to
20 100 66 50 40 900 °C, the hole density decreased and the hole mobility
3 increased. A maximum mobility of 13 000 é#v s was ob-
] tained at 50 K for sample C. From Fig(h}, the n values,
- obtained assuming that the mobility varies withTL/at high
aa %OOOC 3ho 3 temperatures, changed frams 1.8 ton=2.1. This shows that
o the mobility could not be explained only by acoustic-phonon
scattering(n=1.5. Therefore, the other scattering mecha-
nisms such as polar-optical-phonon, intervalley, and ionized
impurity scatteringjs4 should be properly considered in order
i to explain the measured high mobility shown in Figb)l
900°Clh Grain-boundary scattering was found to be important in this

. © 0 oo ] B-FeSj, film, as will be described later.
900°C 14h -,

o o

! N The mobilities from acoustic-phonon scattering. and
5 o 15 20 25x10 nonpolar optical-phonon scattering,, are, respectively,
. 4 p
Temperature [1/K] given by1
(b) — ;
L 900°C 14h : pul 1
sl 4 =9.36X 10— == 1
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wherep is the density of3-FeSi(4.93 g/cmi), u, the sound

velocity, m" the effective mass of holey, the free-electron

massE,. the deformation potential of acoustic phondrthe

FIG. 1. Temperature dependence@fhole density andb) hole mobility of ~ temperature,# the Debye temperature, and, and g, the

the -FeS;, films prepared under different annealing conditions. high-frequency and the dc dielectric constants, respectively.
The sound velocity, is given by*

tures between 30 and 300 K using the Van der Pauw method.

The applied magnetic field was 0.2 T normal to the sample . 27Tk50(V/48)1/3

surface. W= e )

S s 6 7509
100
Temperature [K]

3

wherekg is the Boltzmann’'s constanh the Planck’s con-
lll. RESULTS AND DISCUSSION stant, andV the volume of the unit cellm’ of B-FeSj is
ported to be between @rg and 1.0n,, and thus the value

The temperature dependence of the hole density and tt{% ' /my=0.75 is used in the analysis. The dielectric con-

hole mobility of these differently annealed samples is show C B ;
in Figs. 1@ and 1b). All the samples showeg-type con- stan_}_sh areg?_zg.%angsx-g.sg, rc:spgcgygl%ﬁ t located at
duction. It has been reported that the conduction-type in un- e valence-band maximum fgkFeS is not located a

dopedB-FeSj depends on the deposited Si/Fe rdffo™We the center of the Brillouin zone, but at tivepoint (+27/a, 0,

found that theB-FeSj, films with the deposited Si/Fe atomic '(I)')h kn(f)wn frt(r)]m _flrtst-prll?mples tkzapd-structure t%alcgla:tléﬁs.
ratios of 1.9 and 2.0 exhibited-type conduction, whereas eretore, the intervailey scattering among tNeonts 1

those with 1.5-1.8 exhibiteg-type conductiof! Electron- also taken into account. The mobility determined by interval-

paramagnetic-resonanGePR measurements of undoped €Y Scattering involving acoustic phonga, is given by*
and p-type B-FeSj showed that the Fe and Si vacancies in
B-FeSj act as donors and acceptors, respecti%ﬁ.Here, _ 1 4w ﬁ K1(6,/2T)
the influence of the-type Si substrate on the measured Hall Hacp = Hag 3w T?sinh(6,/2T) |’
voltages should be considered. The sheet resistance of the Si

substrate was higher than 10.'° This value was approxi- wherew is the constantg, the temperature converted from
mately two orders of magnitude larger than that of theintervalley phonon energy, ari} the modified Bessel func-
B-FeSi/Si sample over the entire temperature range meations of the second kind.

sured in this work. Therefore, it is safely expected that the  The mobility from ionized impuritiesu; is described
substrate effect is negligible. by

(4)
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grain boundaries being temperature dependahtcan be
determined using the foIIowinba.

. Amgqm K
A = TB (8)
We also considered the mean hole denpityas follows. The
hole density decreases around the grain boundaries because
of band bending. If the space charges are uniformly distrib-
uted in the bulk, the barrier height is assumed to be ex-

pressed as
B3] (o=x=3)
= -c O=x=<_ 9

FIG. 2. Plan-view TEM micrograph of the-FeSj, film (sample G obtained ¢ (L/2)? X 2 X 2 (%3
along the[001] azimuth of Si.

and

3.5 2 1.5 L\2 L
e res S v St B S B
(M mo) Ny [In(1 + Bgy) — B/ (1 + By

(5)  wherex is the distance from the grain boundakyg the
maximum barrier height at the grain boundary, dndhe

The parameteBgy was given by Brooks and Herring as grain size. Thereforep’ is given by the following integra-

_2m( 2 03 tion.
Pon= " (kT Lo © (o0
) ) - p'= f pexp(——)dx /L. (10
wherelp is the Debye length. These elastic mobility scatter- L2 kgT

ings are described in detail in Ref. 14. o ] )
The fit to the experimental results obtained by solelySubstituting Eq(10) into Egs.(92) and(9b) yields

using the above scatterings is not satisfactory. Thus, other \/ﬁ 705 Qber

scattering mechanisms also affect the actual mobility, in ad- p’'=p —(1 - ex;{— 2<—>D (11
dition to the ones discussed above. Figure 2 shows the plan- Adbers 2 keT

view transmission electron microscofyEM) photograph of  Here, ¢y is replaced with thepe.

sample C, which was taken along t[f®01] azimuth of Si. The total mobility, as a function of temperature, is then

Many grains of approximately 100-nm size are seen. It wagjiven by Mathiessen’s rule as

found from electron-diffraction analysis that the black parts ~ o PP

correspond to B-FeSj with orientation alignment of Mot = Macy ¥ Mpo + M~ pg (12)
B-FeSp(100//Si(00D  with  B-FeS}[0101//S[110] and  Figres 3a)-3(c) show the calculated hole mobilities using
ﬁ-FeS;z[001]//S|[_llo], while the_whlte parts correspo_nd to Eq. (12) and the measured onés for the three samples A,
that — of ~ either  f-FeSp(110//Si(00) — with g ang C respectively, whergy, and Mpo are calculated
B-FeSH001]//Si[110] or  B-FeSp(101)//Si(00D  with ;ging the same parameter values for the three samples since
pB-FeS}010]//Si[110]. The presence of grain boundaries re-qy"are intrinsic. In contrast; and Jg are extrinsic so that

sults in carrier scattering, and thus grain-boundary scattering,o parameter values can be changed to fit the experimental
needs to be considered in the analysis. Tarng has studigghie mobilities.

grain-boundary scattering in polycrystalline silicon filhds. The parameters used in the fit are summarized in Table
On the basis of his report, if there are a large number of; The geformation potential of acoustic phondgs is 0.5
carrier trap centers at the grain boundaries, these centers may, This value is smaller than 1 eV which is the usual value
capture carriers and thus introduce band bending and an egs, semiconductors such as Si and GaAs. However, accord-
ergy barrier at the grain boundary. The energy barrier at thgeng to van de Wallé® E..was determined to be 0.36 eV for
grain boundary reduces the mobility of carriers. However, sy and 0.55 eV for CdTe. A smaller value Bf. was also
the carriers can tunnel the barrier by thermionic field emis'reported by Wei and Zung@t.¢ is taken from the report of
sion (TFE), wherein the barrier height is lowered below the A ,shanovet al% £o is almost the same as that reported in
true barrier because the effective tunneling length is deterpq¢. 15.s,, is, however, approximately double the reported
mined both by the shape of the barrier and the thermal dis;5ue of 9.89. The polar-phonon scattering becomes too
tripution o_f the car_rier_s. The gnobility from the grain bound- small to explain the experimental resultsif is taken to be
aries ug With TFE is given by 9.89. The fit shows that a value of 23 fer reproduces the
AL Obess temperature dependence of mobility very well. According to
Mg = @T P(‘ kB_T) (7) recent reflectivity measurements by Udoebal, the low-
frequency dielectric constant was reported to be arourfd 25.
whereA’ is the Richardson constarit,the grain sizep’ the 4, is smaller thanu,; over the entire temperature range, as
mean hole density, andl. the effective barrier height at the shown by the dotted lines in Fig. 3. This reduction is gov-
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erned by the value off used in Eq(4). In Si, it was reported
that the mobility can be reproduced well at temperatures
higher than RT whemw is 3 The energy of intervalley
scattering(kg6,=26 me\j takes a medium value between
optical- and acoustic-phonon energies. The optical-phonon
energy is known agg6#=56 meV?! but the acoustic-phonon
energy is not known. The TFE probability changes with tem-
perature, that is the effective tunneling barrier height de-
pends on temperature. The temperature dependence of the
effective tunneling barrier height for each fit is shown in the
insets of Figs. @&)—3(c). These characteristic changes are not
yet understood.

The grain sizes used for the fit are 50, 50, and 100 nm
for samples A, B, and C, respectively. The measured mobili-
ties are surprisingly reproduced well by Ed2) for all the
annealing conditions. It is known that the mobility obtained
for sample A, after annealing at 800 °C for 3 h, is limited by
grain-boundary scattering, as shown in Fi¢c)3wherel is
taken to be 50 nm. There is no TEM photograph for samples
A and B, but the grain size of these two samples is reason-
ably assumed to be smaller than that for sample C. The TEM
micrograph for sample @Fig. 2) shows thatl is approxi-
mately 1000 nm in one direction, but about 100 nm in an-
other direction. The carrier scattering is determined effec-
tively by the shorter grain size. Thusz50 nm for sample A
is considered to be a reasonable value. In the case of sample
C, which was obtained after an additional 900 °C annealing
of sample A for 14 h, the grain-boundary scattering limits the
mobility at low temperatures but the polar-optical-phonon
scattering becomes dominant at RT, as shown in Ha). 3
Very recently, Tassist al. have also reported that the polar-
optical-phonon scattering is probablegrFeSj, thin films at
high temperature®

It was found from the above analysis that the decrease in
mobility at high temperature is particularly important in or-
der to consider intervalley scattering or the fact that/ihg,
is smaller than the.,.in the high-temperature region. On the
other hand, it is reasonable to include the intervalley scatter-
ing from the viewpoint of the band structure @FFeSp.
Consequently the decrease in the mobility at high tempera-
ture is partly due to the intervalley scattering. If the extrinsic
scatterings such as grain-boundary scattering or impurity
scattering are removed and the acoustic-phonon scattering
dominates the mobility at low temperature, it can be safely
expected that the hole mobility can reach 270 006/afs
at 40 K and 800 cA1V s at RT. Thusp-type 8-FeSj can be
considered to be very promising for various device applica-

789 2 tions.

100
Temperature [K]

FIG. 3. Temperature dependence of calculated and measured mobilities &/. SUMMARY
B-FeSj, obtained for(a) sample C(b) sample B, andc) sample A. The data -
points indicate experimental values. The temperature dependence of the hole mobility of con-

tinuous B-FeSj, films grown using a multilayer method is

TABLE II. Parameters used in the fit.

Parameter Eac 0 m'/my 0, £ £, w

Value 0.5eV 640 K 0.75 300 K 28 23 15
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