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Transport properties of lightly doped CoSb; single crystals
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CoSh single crystals with low hole concentratiétiown to 167 cm™%) at 300 K and 2.& 10 cm 2 at 90
K) and the highest observed value of the room-temperature hole mdtiktyalue is up to 6000 citV s, i.e.,
up to about 1.8 times higher than maximum values previously reposteee grown. The observed temperature
dependence of the Hall coefficient is explained assuming the existence of an acceptor impurity band and an
additional deep acceptor level. The values of the activation energies of the shallow and deep acceptors, their
concentrations, as well as the concentration of the compensating donors were calculated. It is shown that the
scattering due to polar optical phonons and nonpolar optical phonons is most important in the high-temperature
region. The value of the valence-band deformation potential is estin{&8i63-182607)04427-3

I. INTRODUCTION We present transport measurements on lightly doped
p-type CoSh single crystals. The observed room-

CoSh has attracted attention recently as potentially newtemperature mobility is up to 6000 éi' s, i.e., up to about
thermoelectric materiat® and due to its unusual band- 1.8 times higher than the already exceptionally high value
structure feature$The proximity of the linear-dispersion re- previously reported.Our data are discussed assuming the
gion near the band edge makes the skutterudite antimonidé&istence of an impurity band. To get more precise data on
unique® Single crystals of CoSpwere grown by the chemi- the scattering mechanisms in Cg@Ssingle crystals, the
cal vapor transport technique using chlorine as the transpo@nalysis of mobility is performed taking into account acous-
agenf and from Sb-rich melt=%8 The room-temperature tic, noqpolar, _an(_j polgr opt!qal phonon scattering as well as
Hall mobility value is up to about 3000 &V s in the Scattering by ionized impurities.
10'—10'® cm 2 carrier-concentration range and decreases
with increasing carrier concentrati6mn exceptionally high Il. RESULTS AND DISCUSSION
value (3445 cn?/V s at 300 K at a carrier concentration of

4x10 cm ¥ was reported by Caillat, Fleurial, and CoSky single crystals were grown by chemical vapor

. ) transport(CVT) reaction in closed silica ampoules and by
Borshevsky. Thg Ilggly doped CoSp single crystals g, in sp-rich melts The samples were characterized by
[p=(7-10)x 10" cm™* at 150-300 K(Ref. 3] show that , oy howder diffraction and energy dispersive x-ray analy-
the Hall mobility peaks at 250 K at a value of 1940 gis (EDX). In Fig. 1, the x-ray diffraction patterns for flux
cm?/V's. The transport properties gi-type CoSh single  and CVT grown crystals are shown. The lattice constants
crystals were investigated” Data on the scattering mecha- were determined by a least-squares-fit method to 9.036 A for
nisms are few and the results obtained are not in conformitjyoth measurements. This is in good accordance with
with one another. literature®* Both patterns give no indication of additional
Morelli et al? recently studied CoStsamples with hole phasege.g., excess SbThe polished samples, which were
concentrations in the range of X@0'7-4.1x10'"® cm 3. used for the transport measurements were investigated under
The temperature dependence of the hole mobility suggestsan optical microscope. There was again no precipitations.
combination of scattering processes by phonons at high tenFhe EDX measurements revealed that the exact stoichiom-
peraturegabove 100 K and neutral impurities below 100 K. etry was given within the accuracy of the method. The resis-
The absence of ionized impurity scattering in the sampledivity p and the Hall coefficienR were measured in the
studied is pointed out. temperature range from 4 to 400 K in a dc magnetic field
Caillat, Borshevsky, and Fleurfahave reported that the H of 6000 Oe.
hole mobility in samples with hole concentration of 1.2 The R(1/T) temperature dependence shows an exponen-
X 10'7-9.4x 10'® cm* follows reasonably well 32 be- tial growth with decreasing temperature and a maximum at
havior between 300 and 500 K which indicates that the prelow temperaturegFig. 2). The 1T dependence of the resis-
dominant carrier scattering mechanism is acoustic-phonotivity is nearly exponential in the two temperature ranges
scattering. (Fig. 3). The slope change of th&1/T) curves is observed
Mandruset al® have studied lightly doped Co$kingle  near the temperatures corresponding to the maximum of the
crystals and came to the conclusion that the temperature détall coefficient.
pendence of the resistivity, Hall coefficient, Seebeck coeffi- The value ofuy=R/p increases with increasing tempera-
cient, and Hall mobility clearly reflects the dominance ofture, reaches a maximurup to 8000 cri’V's) at about
ionized impurity scattering below 200 K. Above 200 K, the 200-400 K and decreases &S" (wheren=1.1) in the
mobility begins to decrease with temperature, which mostightest doped sample down to 6000 ¥s at room tem-
likely is due to the sudden influence of electrons on the Halperature(Fig. 4).
coefficient as the intrinsic regime is entered. The observed features B{(T) as well as the character of
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the temperature dependence gffT) and R/p(T) could be At high temperatures, where the impurities are depleted,
explained assuming the existence of an impurity band
formed by shallow impurity level®-**However, it is worth _ 1 N +N. =N @
mentioning that the value of the activation energy, estimated P= eRy M A T

on the basis of the high-temperatyhegher thanR,,5,) Hall . . ,

coefficient data is more than an order of magnitude highelVN€reRy is determined from an extrapolation B{1/T) to
than the value derived from the low-temperat(over than ~ (1/T)—0. At low temperatures, where it is possible to ne-
Rmad Fegion. This suggests the existence of an additiona@lect the second term of the right-hand-side of Bq, this
deep acceptor level. expression reduces to

The carrier density as a function of temperature is given

by the following expression for the approximation of the two Na= Na, 3)
acceptor and one donor levéefs: P Nd Yp e’
1+—exp =
N, kT
NAl NAz . . . .
p+Ng= + , (1) and in the carrier freezing region
1+7—p ex £ 1+ s ex o2
N, kT N, kT 1

pf_e_Rf_NAl_ Na, 4

whereN,=2(2mm*kT/h)*2,
Na, , is the concentration of the shallow and deep accepwhereR; is the smallest value dR at low temperatures.

tor levels, respectivelyz, , is the activation energy of the At high temperatures, assuming that

shallow and deep acceptor levels, respectividlyis the den-

sity of states in the valence bangjs the degeneracy factor p4Y %2) >1

. : : >Ny, —ex
(y=2), andNy is the concentration of compensating donors. P=Nd N, kT
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This increase could be due to the conduction in the two

Eg. (1) can be written as
different bands, as proposed in the presented model.
1/2 &y At low temperatures, the temperature dependenge isf
ex —m_ .

(5  determined by Eq(3), which can be written as
In our samples the dependencepd®™* on 1T is a straight = & Na, ~Ng exd — €1
line at high temperatures in accordance with E5), which vy

1 —
Ng kT
confirms the assumptions made and permits us to determine _
the values ok,. The value ofN, was estimated using Egs. assuming thap<Ny.
2 Using Eq. (6), the values ofg; as well as NU(NA1

(6)

(2) and(4). ) )
An analysis ofR(T) at low temperatures has been made —Na)/Nq were estimated. The latter permits the reader to
on the basis of a two-band model. In accordance with th&alculate the value dfy taking into account Eq(4), if the

method presented in Ref. 14, the temperature dependence \GHlue ofm*/mq is known.

p, the hole concentration in the maimalence band, and The value ofm*/m, was estimated using the thermoelec-

p;, the hole concentration in the impurity band, were calcu-ric powera (Fig. 7) and Hall coefficient measurements. The

lated (Fig. 5). reduced Fermi levely* has been determined from E()
We also performed magnetic-field-dependent measureRef. 16

ments of the Hall coefficient from 0 to 0.75 T at different

temperatures. The results of these measurements are depicted _K[Fre2

in Fig. 6. No field dependence could be observed at high @~ e B

temperatures. At low temperatures, where the influence of
the two-band conduction should be largest, a small increasehereF, ., are the Fermi-Dirac integrals, amds the scat-

of the Hall coefficient with the magnetic field was found. tering factor. The values of are equal to 0, 1, or 2 for

)
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FIG. 5. Hole concentratiop andp; vs tem-
perature for Sample 4-1.

100

FIG. 6. Magnetic-field dependence of the Hall
coefficient at different temperatures for sample
4-1.

FIG. 7. Temperature dependence of the ther-
moelectric power.
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scatteri_ng by acoustical, optical lattice vibrations at tempera- wt= o+ Mﬁp%# M501+ wt, (9)
tures higher than the Debye temperature, and by ionized im-
purities, respectively? Where wac, Mnpos Mpo: @nd w; are the mobilities of the
The upper limit ofm* calculated from Eqs(7) and(8), charge carriers due to scattering by acoustic lattice modes,
nonpolar optical modes, polar optical modes, and ionized
(2m*KT)3?2 impurities, respectively.
= WFQ,,Z( 7), (8) For the acoustic mode scattering mobility, the

expressiolt is used

ilssuming =0, is used to estimate the upper limitgf; and (87) Y2k pou?
Ay Mac™ 31222 [ % (512
It is worth mentioning that thg lightly doped Cogdingle 3(kT)™Eadm™)
crystal, studied by Mandrut al,” shows the same qharacter where p, is the density,u is the longitudinal velocity of
of the temperature dependence of the Hall coefficient as outy nq ande,,. is the valence-band deformation potential.
samples. That is why the same model has been applied 10 The combined effect of the acoustic and nonpolar optical
estimate its parametetsampleml, Table ). The obtained q4es scattering contribution to the total mobility is given
set of parametersl\(Al, Na,» Na, k:Nd/NAl, €1, €p) isin by'®
reasonable agreemefiable ).
The value ofe, is about 5@-10 meV. The same value Macnps= MacS( 0,7, T), (11)
was estimated from the temperature-dependent resistivity of _
the lightly doped CoSp single crystals in the low- whered is the Debye temperature ang=(Epuo/Ead” the
temperature regionIn Ref. 3 it is mentioned that the ob- squared ratio of the nonpolar optical and acoustic mode de-
tained value of the activation energy is in agreement with gormation potentialsS(é,»,T) can be approximated to
recent band-structure calculation of CgSberformed by
Singh and Pickettin which they predict a 50-meV semicon- S(6,7,T)~(1+An) 1, (12
ducting gap sided by two large peaks in the density of states ,
separated by 0.50 eV. However, the data available are nd¥ith A=Hz/(e*~D), whereH andD are tabulated for each
conclusive enough to draw a final conclusion about the navalue of 7 andz= 6/T. _ _
ture of the 50 meV activation energy. The mobility due to scattering of holes by polar optical
The availability of high-quality CoSpsingle crystals per- Phonons is°
mits the reader to obtain more reliable data on the scattering

(10

mechanisms in the material studied. In order to estimate the _ 8h2TY? (1 1 _1(ez—1)G(z)
strength of the different scattering mechanisms, the total mo-  “P°™ 3(27k)¥ea(m* )32 ¢.. ’
bility is calculated using Matthiessen’s approximation: (13

TABLE |. Parameters op-type CoSh single crystals.

NA1 NA2 Nd Nd/NAl €1 €2
Sample (10t cm™3) (107 cm™3) (10 cm™3) (%) (meV) (meV)
4-1 15 1.37 0.93 62 <1 47
6-1 3.1 1.24 1.62 52 <1 38

ml 1.92 6.6 0.68 34 4 64
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where &., is the high-frequency dielectric constant and =0 and 0.036 at =1 (sample 4-1 The values of,. and
G(2) is a tabulated function which may be approximated inN, were used as adjustable parameters to fit mobility data.

the range of 100—300 K by 0.5626.93T).

It is also worth mentioning that our samplésigs. 2—4

The Hall mobility due to ionized impurity scattering was and 7 do not show an intrinsic region in the studied tem-

calculated according to the Brooks-Herring formtfla:

27/286( kT) 3/2
Mi= 773/263(m*)1/2Nif(X) 1

(14

whereN;=2Ny+ p is the concentration of the ionized impu-
rities. The functionf(x) is given by the relation In(x)
—x/(1+x) where,

x=6g,m* (kT)%/ we?h?p.

To make a fit to the mobility data, the following set of
parameters has been usee;=7.64 g/cmi,” =306 K?
£0=33.5*¢,=252H, D, andyare equal to 1.34, 0.914,
and 4, respectivel}{ The value ofs, was calculated, using
data on lattice vibrations in Cogland the Lyddane-Sachs-
Teller relation?

€0

€ i

2
W0
1
i

wTO

wherew, o and wrg are LO and TO phonon frequencies.
The sound velocity is estimated?as

U=

kol V 1/3
“Hewl

whereV is the average atomic volume.
The value ofm*/m, was estimated using EqS) and(8).

perature interval as it is indicated for the sample studied in
Ref. 3.

The analysis of mobility data was performed assuming
that the mobility is limited not only by acoustic lattice mode,
but also by nonpolar optical and by polar optical modes. The
values ofE,. (E,.=5 eV if m*/my=0.067, Fig. 8, andE,;
=20 eV if m*/my=0.036, Fig. 9 and Ny (N4=7.9
X 10'® cm™3) were estimated from the fitting procedure.
The obtained value oy is in satisfactory agreement with
the value determined from the Hall coefficient défable ).

The scattering due to polar optical phonons and nonpolar
optical phonons is most important at temperatures of 150—
400 K (Figs. 8 and @ The availability of a more exact value
of m*/mq is necessary to separate the contribution of these
two scattering mechanisms. The calculated scattering contri-
bution due to ionized impurities was found to be negligible
at this temperature region. It is different from the results
previously obtained which leads to the conclusion that the
dominant scattering mechanisms are by acoustic pHdham
by ionized impurities. The analysis of the scattering mecha-
nisms in the low-temperature region is complicated due to
the influence of the impurity band conduction.

. SUMMARY

In summary, CoShsingle crystals with low hole concen-
trations(down to 18" cm 2 at 300 K and 2.& 10 cm™ 2 at
90 K) and high mobilitiegthe room-temperature hole mobil-
ity value is up to 6000 cfiV s, i.e., up to about 1.8 times
higher than the exceptionally high value previously
reported) were grown. The observed temperature depen-
dence of the Hall coefficient is explained within the limit of
a two-acceptor—one-donor model. The value of the activa-
tion energy of the shallow and deep acceptors, their concen-
tration, as well as the concentration of the compensating do-

Taking into account that the mobility in the high-temperaturenors were calculated. The dominant scattering mechanisms

region increases with decreasing temperatureTa8 (n

were determined, using analysis of the Hall mobility data.

=1.1, sample 4-1 the scattering factor was assumed to beThe value of the valence-band deformation potential is esti-

equal to 0 or 1. The value gh*/m, is equal to 0.067 at

mated.
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