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In this paper we report on the thermopower and electrical conductivities,AfN} g and TiAl; ,C; gin the
300-850 K temperature range. We also measured the room temperature Hall effe8i@, TTi,AIN , o, and
TisAl, 4C, g Based on these results we conclude that holes are the majority carriers at room temperature in
TisAl, 1C; gand TRAIN , o At higher temperatures free electrons contribute to the transport properg8sCTi
is a mixed conductor wherein the concentrations and mobilities of the free electrons are, respectively, equal to
those of the holes over an extended temperature range. The high conductiviffia, T$ due to the presence
of a large concentration of charge carriers. The lower conductivity gITiC; gis due to a dearth of charge
carriers. The even lower conductivity of /AN, g is attributed to a reduced mobility, most probably due to
vacancy scattering of the charge carriers.

[. INTRODUCTION Thermally TiSIC, and TAIN , g are quite comparable to
stoichiometric TiC**1° Rietveld analysis of neutron diffrac-
The phases with the general formWgy,;AXy, where tion data indicate that the Si and Al atoms in,SiC, and
N=1-3,M an early transition metah an A-group element Ti4AIN, 4 vibrate with significantly higher amplitudes than
(mostly IlIA and IVA), andX, either C and or N, are struc- the other atoms in the structure. Furthermore, the vibrations
turally related:~® In these compounds, hexagonal nets ofof the Si atoms, especially at higher temperatures iSiT,
pure A-group element layers are interleaved with, TiXy are significantly higher than those of Al in,AIN o
layers. And whereas, over 50 phases vtk 1, are known Apart from these preliminary conductivity results, very
to exist! to date, only three phases witi=2 have been little information exists concerning their electrical properties.
identified: TiSIC,* TizGeG,®> and THAIC,.5” More re-  Very recently we showed that the absolute thermopoer
cently, we reported on a pha%&[Ti,AIN, o with N=3, that  of Ti;SiC, is essentially zero over at least the 300—850 K
is also structurally related in that pure Al layers are inter-temperature rang€. This unique and unusual response
leaved with four layers of near-close packed Ti. prompted us to measur@® for TizAl, ;C; g and TLAIN ;6.
Over the past few years, we have shown that these ternarjhe stoichiometries of the compounds tested are the ones
carbides and nitrides represent a class of solids that possesit yielded predominantly single phase sampfésin this
an unusual combination of propert®®s23 They are anoma- work, we report on© and p of these two phases in the
lously soft (Vickers hardness values from 2 to 4 GRar  300—850 K temperature range. Additionally, we report on
transition-metal carbides and nitrides, and are all readily mathe room temperature Hall effect of these phases and
chinable with regular high-speed tool steels with no lubrica-Ti3SiC,.
tion or cooling required. They are all good thermal and elec-
trical conductors. _ Il. EXPERIMENTAL PROCEDURE
More specifically, TiSiC,, Ti,AIN, o, and TkAl; 4C, gare
elastically stiff® (Young’s moduli>300 GPa), damage and  Single phase samples of BiC,, TisAl;,C;g and
thermal shock tolerant, and behave quasiplastically inTi4AIN, g4 were cut, using a low-speed saw with water as a
compressiot*1’  Above =~1000°C, they are quite lubricant, into the parallelepiped specimens measusiR)
plasticl9-121415The electrical resistivitiep of these phases x2x20mn?. The fabrication details and microstructural
were measured in the 100—300-K range and found to dedetails can be found elsewhéfet*1>The starting powders
crease linearly with decreasing temperattir:1*15These  for the Ti,SiC, samples were titanium hydride-325 mesh,
results are summarized in Table |, together with the results 089.5%, Timet, Henderson, AZsilicon carbideg(—325 mesh,
Li, Sato, and Watanab&for Ti,;SiC,. Of the three, T/AIN,o  99.5%, Atlantic Engineering Equipment, Bergenfield,)NJ
is the least conductive and ;BiC, the most. Also included and graphite d,,=1 wm, 99%, Aldrich Chemicals, Milwau-
in Table | are the results for pure 328 kee, W). The electrical conductivity- and© of each com-
The Debye temperatures of ;8iC, TiAIN,o and  position was measured on the same sample, using a dc four-
TizAl, ,C, g are comparable and relatively hi§{>700 K).  probe technique and a heat pulse techniuespectively.
The density of state®(Eg) near the Fermi leveEg are  All the electrical connections were made with 0.2-mm-thick
comparable, substantial, and, on a per Ti-atom basis, afet wires and Pt paste. Further details can be found in Ref. 29.

0.83, 0.86, 0.63eV Ti atom* for TizSiC,, Ti,AIN, and All measurements were carried out in an Ar atmosphere
TizAl; 1C1 g respectively’® These values are roughly half (the oxygen partial pressure of which wasl0~° atm). The
those of pure metallic T{1.44 eV Ti atom . applied currents for the conductivity measurements were
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TABLE |. Summary of electrical properties of JAIN, o, TizSiC,, and TiAl 1C; g Also included are the

results for Ti.

0o dp/dT a Temp. range
Compound (u2m) (uQmK™Y (K™ (K) Ref.
TisAl; ;C; g 0.3871+0.0068 0.000 95 0.002 450.000 26 300-850 This work
0.345 0.001 07 0.0031 120-300 14
Ti,AIN, g 2.64+0.017 0.0009 0.000 3@.000 02 300-620 This work
2.0 0.0015 0.000 75 120-300 15
TisSIiC, 0.2273-0.0035 0.000 75 0.003 28.000 02 300-850 This work
0.222 0.000 89 0.004 120-300 12
0.21 0.0009 0.004 3 298-1073 24
Ti 0.465 0.0021 0.0045 77-300 25
0.492 0.002 0.0041 4-300 26
0.400 0.0017 0.004 25 300-1100 27
0.478 0.0017 0.0039 196-1000 28
in the 10—-100 mA rangéhrough a cross-sectional area of
~2x2 mn¥). All the specimens displayed very stable and
reproducible signals of voltage drop and thermovoltage up to 32 PR
775-825 K depending on composition. Above these tem- g | (iswork) aatn, @ ]
peratures, the signals became unstable for reasons that are : LN ]
not immediately clear. One possibility could be the incipient 24 | / TisAIN, r
oxidation of the specimen surfaces. The oxygen partial pres- 20 2 1
sure of the Ar gas used is significantly higher than the equi- £ b Agﬁﬂ Ti 1
0 : ; : 3 Ref. 14 i(Ref.28) |
librium oxygen partial pressure at which these compounds a 16 F N
oxidize. 2 - P
The Hall coefficientR were measured at room tempera- a 12 F  TiAIC, P ]
ture in low electric and magneticH=8 kG) fields. The f (This work) - X_—
i i 08 I Ref.15 g
samples tested were in the form of rectangular parallelepi- [ e Ref 24 ]
peds. Ohmic contacts were made by vapor chemical deposi- 04 F = ]
tion of pure Cu o TSGR
The uncertainty associated W!th conductivity measure- %o 250 500 750 1000 1250
ment was on the order of 1%, which mostly stems from the
error of the geometric factor of the specimens. The ther- TK
mopower was determined typically within0.3 wV/K. The TrPC
as-measured thermopower of each specimen was later cor- 500 300 200 100 30
rected against the absolute thermopower of R&f. 30 to ' T T r —
obtain the absolute thermopower of the specimen itself. The 196 | (b) A
estimated errors iR are ~10%. E ]
194 F 0.071 eV; r2=0.998 ]
Ill. RESULTS AND DISCUSSION ,::4 19 s 3
The temperature dependenciespcdnd © of TizAl; 1Cy g ,;? ! ~Xo ]
and TiRAIN, 4 are plotted in Figs. (B) and 2, respectively. G 190 ~q. ]
Also included in Fig. 1a), for comparison purposes, are the 55' : o ]
corresponding values for J8iC, (Ref. 21) and Ti metaf® = 188 oo E
Like Ti;SiC,, the conductivities of T/AIN, gand TkAl; 1C; g - 186 3 0.028eV; 20994 O 3
are metalliclike and can be represented by an equation of the T Sul
type 184 | 3
PO EPEEPAErSIT I TIPS T B ST SN Y

p=pol1+a(T—-300], 1)

wherepg is the resistivity at 300 K, and is the temperature
coefficient of resistivity. A least squares fit of the data yields

0.001 0.0015 0.002 0.0025 0.003 0.0035

1/T /KL
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FIG. 1. (a) Temperature dependencies of the resistivities of

the a and dp/dT values listed in Table |. The agreement 1j.al, ,c, ; and TiAIN, , measured in this work and those previ-

between our previous resuftsand this work is good for
TizAl, 1C; g [Fig. 1(@)].

ously determined. Also included are data fogSiC, and Ti. (b)
Arrhenian plot of conductivity data for JAIN, o The activation

For reasons that are not clear, the agreement is not asmergy changes from 0.028 to 0.71 eV~at300 °C. Ther? value

good for TRAIN, o. Furthermore, in contrast to Al 1Cy g,

from the least squares fit of the data is also shown.
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10 t either TiSiC, or TizAl; ,C, 5 Given the fact that the three
[ Ti (Ref. 32) ] compounds have very comparable structures, Debye tem-
8 TizAIC, peratures, anbll(Eg), this difference must be ascribed to the

2 .
200 300 400 500 600 700 800 900

T/K

scattering of the holes by the N vacancies present in
Ti,AIN,4° The residual resistivities of I$iC, and

- TizAl4 1C; g are low indicating the presence of few defects.
» In contrast to the residual resistivities which are functions
i 4 of impurity or defect content, and for which the scatter is
& large, the scatter idp/dT is much lesgTable I, column 3.

Here again this result is not too surprising, given that the
Debye temperatures of the ternaries are comparfaiimte
that dp/dT for Ti is roughly double that of the ternaries,
reflecting its lower Debye temperature.

At room temperature, thé® values of TiAIC, and
Ti4AIN, g are positive and increase, initially slightly, with
increasing temperature, after which they decrease toward
zero. This behavior, while comparable to that of metallic

FIG. 2. Temperature dependence of absolute thermoelectri&fi,31 is in stark contrast to T8IC,, for which 6 is essen-
power® of TizAl, ;C; gand TLAIN, o Also included are values for tially zero over the entire temperature range examfiied.
Ti;SiC, (Ref. 21 and polycrystalline TiRef. 31).

where p increases monotonically with temperature, of

Based on these results there is little doubt thaAli,C, g
and TiLAIN, 4 are p-type conductors at room temperature.
With increasing temperatures, however, the contributions of

Ti,AIN, g appears to reach a maximum around 620 K abovdree electrons become more important.

which it drops slightly. This behavior, together with the fact

This conclusion is consistent with the fact that fRReal-

that the value of its conductivity is marginal between metal-ues for TEAIC, and TiLAIN, g are positive at room tempera-
lic and semiconducting, led us to suspect the presence of tare (Table Il). A crude interpretation of the Hall data can be
small gap. To test this hypothesis the conductivity data werenade if a single band and a spherical Fermi surface are as-

replotted as an Arrhenian plot of & vs 1/T, which re-

sumed. The hole concentratipgncan be estimated from the

sulted in two straight-line segments with a knee in betweerformula p=1/R., where it was further assumed that the an-
[Fig. 1(b)]. The activation energies of the low and high tem-isotropy and scattering factors are both equal to unity. Based
perature segments are 0.028 and 0.071 eV, respectivelgn the R values, the hole concentration in AIN, 4 is
Based on these results, it is reasonable to conclude that tleughly twice that in TjAl, ;C, g (Table Il). This result is in
decrease in resistivity at the higher temperatures is due to aeasonable agreement with the rai®4) of the cube of the
increased contribution of free electrons; a conclusion supeensity of statesN(Eg), expressed in J m™3, determined
ported by the variations if©® with temperature discussed from low-temperature heat capacity measurements of the two

below.

From Fig. 1a), it is clear that the residual resistivity, or

compoundg?
Knowing p, the mobility of the holeg., can be calculated

resistance at 0 K, of JAIN, 4 is substantially higher than from the conductivity expression assuming that the holes are

TABLE Il. Summary of electrical transport parameters as calculated from room temperature conductivity and Hall measurements

determined in this work. Also included are the results for, T&d Ti for comparison purposes.

R 0300 Hop Hn p n
(10" m¥/c) [(MOQmM)™ [1PM(Vs)™Y  [1PmA(Vs) Y]  (10%m™3)  (10%m™d) Refs.
TisSIC, +0 4.5 ~62 ~62 24 24 This work
10° 10° 14 14
TizAl; C g 7+1 2.75-0.2 ~19+0.3 9+1 This work
Ti AN 5o 35+1 0.23:0.5 0.8:0.3 185 This work
Ti —0.05t0—4.5 2.0 to 2.05 43t09 151 26
+2.8+0.9 27
-2.0 32
—1.06 to+1.02 33
—2.4 2.5 5 31 34
TiCo 008 ~155 0.57 89.6 0.4 36
TiCo 030 ~150 0.613 92 0.416 36
TiCo og0 ~166 0.735 122 0.38 36
TiC— 0,080 ~150 1.05 158 0.4 36
TiCo o5 —261 0.645 168 0.24 35
TiCo 00 —167 0.58 97 0.37 35

&Calculated from Eq(5) using data for TjAl; ,C; g
bCalculated from Eq(5) using data for THAIN, o
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the dominant charge carriers. The mobilities ofAIN, gand  mobility of the carriers in TSIiC, is probably due to the
TizAl, .C;5 are, respectively, 0810 ° and 19 scattering of the Si atoms, that tend to vibrate more in that
x 10~ °m?/Vs. Note that the ratio of the calculated mobili- structuré®than the Al atoms do in FAIN, o.*° According to
ties, 22.5, is in good agreement with the ratio of conductivi-Table I, the conductivity of TAl, .C, g is depressed be-
ties extrapolated to 50 K, viz., 27. cause of a reduction in the number of charge carriers. Given
The situation for T{SiGC, is slightly more complicated be- thatEg in TizAl; C, g falls in a local minimum in the total
cause it most probably conducts by both electrons andensity of state$DOS),° this result is not too surprising. In
holes?! The simplest interpretation of the negligible valuescontradistinction, Ex  TizSiC, occurs near a local
of © over the extended temperature range measured is thataximum?'~%° Last, T,AIN, 4 is the least conductive, not
n~p and u,~u., the electron mobility. SinceR for a  because of lack of carriers—its DOS &t is higher than

mixed conductoftwo-band modelis given by either TESIC, or TizAl 4 1C; g (Ref. 20—but because the mo-
bility of those carriers is low, presumably due to scattering
_p—n b? 5 by vacancies. It is fairly well established that at low tempera-
~e(p+nb)?’ @ ture vacancies in nonstoichiometric transition metal carbides
, , . and nitrides are potent scatterers of electrdns.
whereb is the ratio of the mobilitiesjte/u, . It follows that A comparison of the shape of the total DOS curves of

if indeed,n~p and up= e, for TigSIG,, its R should fluc- — j_gic, TizAl, €, 4 or TL,AIN, 6 with those of Ti indicate
tuate around 0. Four samples of;3IC, were tested, three any similarities. It is thus instructive to compare the results

gave negativik values and one a positiie value, in agree- jisted in Table II, to the corresponding parameters for
ment with the assumptions made. In another set of experir;j 26.27.32-34-, example, based on Berlincourt's restfitsie

ments the Hall coefficient was below the detectability of theaverage room temperature mobility of the electrons in Ti
equipment. It is important to note here that similar quctua—(%7i2>< 10 5m?/V's) is comparable to that of 3$iC,. In
tions in the absolute value @R are WeI.I documented for Ti, n~15x 10?8 m~3, which translates te=2.6 electrons per
metallic Ti (see Table I\. These fluctuations have been as-Ti atom.
sumed to result from the balancing effect of both holes and - 11, o\ relative conductivity of near stoichiometric TiC
electrons in the overlappings44p, and 3 bands of Ti. The o5 its from a dearth of carriers, rather than low mobilities
scatter and variations in tHevalues for Ti are much greater (Table ). Despite being thermally quite comparabiethe
than the variations in its resistivity values because the formegoctron mobility in TiG is significantly higher than in
depends on the difference,w,—n up, while the latter on  1j_gic, This is noteworthy because it probably reflects the
the sumpup+nue. . o _ scattering potency of the Si atoms in;$iC, whose ampli-
When theR values are sensitive to small variations in de of vibrations are quite high relative to the other atds.
defect structure a_nd_/or sm_all deV|at|_ons in chemistry, i.e.7he same argument can explain the fact that the mobility of
when the system is in a mixed/p regime, they cannot be he charge carriers in Ti and J8iC, are comparable despite

used to estimate the number of carriers. To solve for thene |atter having a much higher Debye temperature. It is also
latter, the following assumptions are made. In the free eleceonsistent with the fact that the mobility is higher in

tron model the_ number of electrons is prqportional to cube °f|'i3AI 11Cy g than in TSIC, despite their identical structures;
N(Eg), when it is expressed on a per unit volume. It follows ihe Al atoms are better bound in 48, ,C, g than the Si
that the room temperature conductivity of;3iC, is given  gioms in TiSiC,. -

by (assumingn=p and pe= ) Finally, the number of carriers per Ti atom in;$iC, and
Ti,AIN, g are =~4; a not unreasonable result given the va-

=~ =~ SI 3 H . . - .
Is~eNpetepup=2eu eN (Ee)si, ) lence of Ti and the excellent shielding of the Ti atoms as
where¢ is a constant. Similarly, for Al C; g determined from x-ray photoemission spectrosc8y This
result notwithstanding, it is hereby acknowledged that the
O'A|%e/_1,§| EN3(Ep)p . (4)  calculations carried out herein are somewhat crude and do

) ) o not take into account many factors that are known to influ-
Given the structural and chemical S|m||ar|t|-es, it -|S reason'ence the electrical transport, such as anisotropy of the Fermi
able to assume that the constagitare equal, in which case syrface and that of scattering that the theoretical calculations

: : predict®2353949These caveats notwithstanding, these calcu-

) Si NE (E )si 2 Si 35\3 45 . . . .
Tsi_ “Hp Flsi_ HMp e R 5) lations do serve a useful purpose in shedding light on the
oAl ,LLSINS(EF)N 19x10°°\2.53  2.75 conductivity mechanisms operative in these novel ternary

) - o carbides and nitrides, and should be useful in tailoring their
Solving for u,' yields ~5.9x 10 °m?(V's), from which it electrical and thermal properties.

follows that:n~p~24x 10?®m~3, An identical analysis us-
ing the data for TJAIN, g instead of TiAl, ,C, g yields the
following parameters:u;'~10x10°m?(Vs); n~p~14
X 10?8 m™3. Note that the first yields 5.7 electrons per Ti  H.LY. thanks J.-l. Jun for his careful measurement of
atom, while the latter, yields 3.33 electrons per Ti atomsthermopower and conductivity and the Korean Ministry of
The actual value probably lies somewhere in between. Education for the financial support via Brain Korea-21 Pro-

A perusal of the results shown in Table Il indicate thatgram. This work was also partially funded by the Division of
TisSiG, is the most conductive because batAndp are high  Materials Research of the National Science Foundation
and both contribute to the conductivity. The slightly lower (DMR 00235173
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