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Structural and transport properties of CuSc  ;-,Mg,O,,, delafossites
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Transport and structural properties of Mg-doped and O-intercalated sintered powders and
polycrystalline films of CuSg,Mg,0,,, are reported. Substitution of Mg for Sc systematically
increases thep-type conductivity in CuSg,Mg,0O, sintered powders, producing a maximum
conductivity of 0.015 S/cm at~=0.06. A similar level of conductivity is observed in transparent
polycrystalline CuSg,Mg,O, films at the same doping level. Mg doping causes no significant
increase in optical absorption at this level. Intercalation of oxygen into the delafossite structure leads
to a much larger increase ip-type conductivity. In powders, the maximum conductivity is
0.5 S/cm aty=0.23 andx=0.05. In oxygen-intercalated films, the maximum conductivity was
25 S/cm, with the transparent films gradually darkening as oxygen is incorporated. Oxygen
intercalation increases theeaxis lattice parameter of the delafossite structure in both films and
powders, with a much smaller effect on tbexis parameter. Two distinct phases wjtr0 and
y=0.5 are observed in x-ray diffraction of powders. In films intermediate valugscé observed,

often in combination with a distingt=0 phase. The absorption properties of the powder samples
indicate introduction of defects into the 2H polymorph of Cuse@d CuS¢_,Mg,O, compared to

the 3R polymorph. €004 American Institute of PhysidDOI: 10.1063/1.1806256

I. INTRODUCTION with M smaller than Sc does not admit excess O, so control-

. . . lable hole doping for such delafossites can be achieved only
Oxides with the delafossite structuf€uFeQ) have at- by manipulation of the trivalent cation sitand in CuAIG

tracted in_terest ap-type transparent c_o_nductors_. They are 44 CuGag even this has proven difficoltif M is larger
also of rli{lterest because they exhibit negative thermaln sc oxygen intercalation occurs and becomes increas-
expansion, they are examples of frustrated magnetic,q jikely for materials with the largestl cations, but the
systems, and they are also potential thermoelectric o, "y distance increases with increasing size ofMheat-
materials® Thin films are of particular interest, since it is in ion, which tends to decrease the conductivity. CuSEOa
this form that applications are most likely to be realized, andy,o jntermediate case in which to test the efficacy of each
there are reports of thin films of C_Us‘éé CUAIOz”  tyne of dopant. Hole conduction in GLO, appears to be
CulnG,," and CuGa@.” However, investigation of electronic predominantly in the Cu planesthe conductivity is
bulk properties is also important because control and meaainisotropiclz and the Cu-@ orbitals are the primary con-
surement of some_pa_rarg_eltlers, such as oxygen content, i, tors to the top of the valence bandExcess oxygen is
easier in bulk than in fllm - located in or near the Cu plan&sand increases the Cu-Cu
Delafossites withA=Cu" in the AMO, structure are by gigiance, thus decreasing the overlap of Cu orbitals and tend-

f_ar t?e most studied. These, and similar materials With g {5 gecrease conductivity, but the Cu—O bonds formed
=Ag", are generally semponductd sand are usually trans- 5y increase the conductivity by providing a direct path. In
parent when stoichiometric. Thetype conductivity of the

semiconducting delafossite derives from the introduction of

holes into a predominantly Cud3valence band. Holes can
be introduced either by the substitution of a divalent species /o
(e.g., Mg* and C&") onto the octahedral trivalem-cation

site, or by the introduction of excess oxygen, in which case

oxygen impurity bands may formt.We usually refer to the

former process as “doping” or “Mg doping,” and to the latter

process as “intercalation” or “oxidation.” Excess oxygen is

located in, or very close to, the planes defined by the trian- h

gular arrangement of Cu atoms and in the centers of triangles

(see Fig. 1 Further details regarding oxygen substitution

can be found in an earlier publicatié‘ﬁ. FIG. 1. Part of theAMO, delafossite structure showing the site of the O

; ; dopant. Small dark spheres are Cu atoms forming a triangle around the
There has been no systematic study of the relative eﬁecﬁnerstitial oxygen atom. The light sphere is a Sc atdon which Mg sub-

ti\_/eness of _the diffe_rerlt typgs of hc_'le dopa@lxygen VS stituteg bonded to six oxygen atoms. In the 3R form, the interstitial oxygen
divalent cation, but it is an interesting question. GO,  atom is displaced by about 0.3 A out of the Cu plane toward the Sc #tom.
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principle, each excess O provides two holes, but it is not
known if they are equally mobile, and it is even possible that
one is completely localized. When Mg substitutes on the
cation site, much further from the planes, it is the source of a
single hole. Since th&! cation orbitals do not contribute to
the band structure near the Fermi level, the Cu—O-M—-O—-Cu
linkages are not major contributors to the hole conduction,
and any hole produced by Mg substitutionMitpresumably
migrates immediately to the Cu planes.
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. There. are no reports of the effect of Catl(?n doDmg or oFIG. 2. Variation of thea-axis lattice parameter of Cug¢gMg,O, powders
intercalation on the transport properties of  bulk s function of Mg doping.

CuSg_,Mg,0,. In previous experiments on CuSgvig,O,,

the films had fixed Mg stoichiometry, and only changes in-

duced by excess O were reporfédn the present study, both of color. Electron probe microanalysis revealed that the Mg
Mg and O were systematically changed in Cus@@wders  content of the target was reproduced in the as-deposited
and in films. This proved easier in the bulk form of the films, but only approximately one-third of the Mg remained
material, since Mg depletion occurred in the films, as de-after the RTA process. Presumably the maximum Mg incor-
scribed below. It is recognized that conductivity measureporated in films was 5%i.e., CuSg ¢gMgo 00,) from the
ments on sintered powders necessarily reflect a lower boun@rget with 15% Mg, but the fate of the rest of the Mg was
on conductivity, and that processing effects on grain boundnot established. For consistency, films are referred to by the
aries are very important. We were careful to keep processinglg content of the target from which they were prepared.
conditions as consistent as possible. Oxygen was intercalated by placing the films in a quartz tube
furnace in 400 torr of @at 400 °C for 9 h. In some cases, a
high pressure intercalation process was conducted in a stain-
less steel tube furnace at<&L0* torr and 400 °C for 24 h.

In what follows, measurements are reported for samples
were prepared from stoichiometric mixtures of C¢Qerac, with the same Mg content but different oxygen content. In
99%), S60O; (Stanford Materials, 99.95%and MgO(Ald- the case of bulk material, two sintered pellets were produced
rich, 99%. The 12 mm diameter pellets were pressed at 4.%under identical conditions from the same starting powder,
tonnes producing material with 75%—-85% of theoretical denensuring identical Mg content, and one of the pellets was
sity. They were placed in a preheated oven, and held in air geground, cold pressed, and oxidized. In the case of fims, a
1100 °C for 20 h, after which they were quenched to roomsingle sputtered film was cleaved into two smaller films that
temperature. Mg doping of CuSg@tabilizes the hexagonal ynderwent identical treatment until the intercalation step.
(2H) polymorph of the material, and all the x-ray diffraction  The structure of the bulk material was examined by
patterns could be indexed to this polymorph alone. In addiy_ray powder diffraction on a Siemens D5000 diffractometer
tion, pure(x=0) CuScQ pellets were prepared, in both the \yith Cu Ka radiation. For determination of accurate cell
2H and 3R(rhombohedralforms. To obtain phase pure 3R dimensions(Fig. 2), the cell edges were refined by least
CuScQ, a small(about 1% Sc excess was :Jsed, and the gq, ares using data collected over 25-15@°vdth a KCl
pellet was heated in air at 600 *B/fo 1100 °C, held for qiaternal standard. The oxygen content was analyzed by ther-

24 h and quenched. The phase pure 2H form was obtain ogravimetric analysigTGA). Film structure was deter-

by the same process as the Mg-doped samples, except that Mned using a Rigaku Rapid diffractometer with the incident
MgO was used, but rather a small Cu excess.

Oxygen intercalation of pure 2H and 3R CuSad of beam at grazing incidence and a curved image plate detector.

Mg-doped CuSg,Mg,0, was achieved under @10 torr The increase in oxygen content of the films was qualitatively

of oxygen at 420 °C for 6 days in a quartz tube. The inter_established by electron microprobe measurements, and the

calation was prohibitively slow in sintered material, but pos_lncrease of the lattice parameter upon oxygen intercalation

sible in powder or cold-pressed material, so the sintered pefa—lnd the darkening of the films confirm that oxygen uptake

lets were reground, cold-pressed into bar form, and oxygef¢CUrs- o
treated. Temperature-dependent conductivity measurements of

Films were prepared by rf sputtering from targets ofPellets and films were conducted in a liquid nitrogen cryostat
CuScQ, CuS@eMgy O, and CuSgeMge 0, in an N the 120-290 K temperature range. Silver contacts were
Ar/0, (100:1.5 mixture at 12 mtorr. The substrate was pure used to minimize contact resistance and a 4-probe colinear
amorphous SiQ held at temperatures between 150 °C anddeometry was used for the unoxidized circular pellets. Silver
350 °C. The deposition rate was about 0.02 nm/s and film§ontacts and a 4-probe technique appropriate to bar geometry
were typically 150 nm thick. Following deposition, the were used for the oxidized samples. Several circular pellets
brownish-tinted films were subjected to a 15 min rapid ther-of unoxidized material were modified to bar shape and their
mal annealRTA) cycle first in oxygen at 750 °C and then in conductivities remeasured in the new geometry. Conductivi-
argon at 900 °C. This process produces transparent, polyies were reproducible within about 10%. The carrier type
crystalline CuSg,Mg,O, films with only the slightest hint was determined by measurements of the Seebeck coefficient

Il. EXPERIMENTAL DETAILS
Pressed pellets of CuggMg,O, with 0.01<x<<0.15
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at room temperature. A temperature gradient of about 3 K
was established across the sample, and the resulting thermo-
electric voltage was measured.

Diffuse reflectance spectra of powdered samples be-
tween 250 nm and 900 nm were obtained using a Xe lamp
and a grating double monochromator as the source, and col-
lecting light diffusely reflected by the powders with an inte-
grating sphere and detecting it with a Si diode detector.
These data were normalized to the signal obtained from
MgO powder under the same conditions. The same source
was used to measure reflection and transmission of the thin-
film samples. In this case, no integrating sphere was necesic. 3. x-ray diffraction patterns of unoxidized(light line)

sary, since diffuse scattering is small. CuSG 9gMdg 00, and oxidized(dark ling CuSg Mo 0sO24y bulk pow-
ders. Two features are prominent: the splitting of the peaks in the oxygen-
intercalated sample and the shift of one of the split pair to smallellBe

IIl. RESULTS AND DISCUSSION shift is largest for(hk0) reflections.

2H Cu(Sc,Mg)O.., powder
- 5% Mg, unoxidized
5% Mg, oxidized

g B A

L E B S B B e T
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A. Structural properties
dized material include a small offset of 0.15° to bring the

Th M Il [ [ la-
e CuSe,Mg,0, pellets (prior to oxygen Intercala (0049) reflections near =31.6° into alignment. The powder

tion) exhibited powder x-ray diffraction patterns that could _ ) S
be completely indexed to the 3R or 2H polymorphs of Xray diffraction patterns indicate that the oxygenated pow-
Cusco 16 The diffraction patterns showed no evidence ofder is really an intimate mixture of two distinct composi-
second phase up to 5% Mg doping; at larger concentrationé',p.ns' More detailed studiéShave shown that these compo-
small amounts of MgO and GO were present. The Mg sitions are very close to CuSgcand CuSc@s (Notg th‘f"t
doping results in a decrease of thelattice parameter in here, CuSc@s is the delafossﬁe structure, .Wh'Ch Is either
powders up to 3% Mg doping as shown in Fig. 2. This indi- hexagonal or rhombqheQraI, with excess O in the Cu planes,
cates that Mg is incorporated in the CuSdattice up to a apd not CySGOs which is orthorhombic and bglongs oa
doping level of at least 3%. This is consistent with the See-Ollfferent space group.The extra oxygen entering the 2H

beck coefficient data presented in Fig. 6, although the ConI_attlce takes up interstitial sites in or close to the Cu plane

ductivity data and x-ray diffraction refinement suggest aand expands tha lattice parameter by about 1.5%. TGA of

slightly higher (=<5%) solubility. The substitution site for SUCh Samples revealed an average oxygen content between 2
the Mg is the Sc site. The Mg ionic radius(0.72 A) is and 2.5 per formula unit, as expec'Fed. .

about 3% smaller than that of 8dn the same coordination Examples of the x-ray diffraction patterns of
(0.745 A),* which explains the lattice contraction upon sub-CUSQ’-E""'.\AQO-.0102+y films with y_zo and y~0.5 are pre-
stitution. Refinements of x-ray diffraction patterns of Mg senFed n Fig. 4. Th_e Iarge.shlft of tﬁdl@ rgflectlon 'S
doped CuSc@ also support the site assignment. The 3ragan evident, showing the increase in mmnlcg param-
polymorph was obtained when no Mg was incorporated an%‘fr’ and a very small effect on ti{80) reflections, and

a slight Sc excess was present. The 2H polymorph resulte nce on the axis parameter. The film reflections index to

for the Mg-doped samples and for the sample containing n%hekOSR rgflg(c):ltlonil, b,:.Jt some 2||_| co;nponetlnt IS .prgjentt.fThe
Mg and a slight Cu excess, provided the powder was pre: ) and(00)) reflections are almost exactly coincident for

pared in a preheated oveslow heating always results in 3R and 2H, and are therefore insensitive to stacking faults,

some 3R phageThe structural similarities between the Mg- which is why they are the narrowesF and most symmet.rlc
doped material and the “Cu-doped” material suggest that thgeaks. Detalls of the thermal processing affect the formatlgn
Cu excess necessary to stabilize the 2H form of CLQSCOOf the dlffere_nt polytypes, and we are unable to control this
enters as Cif on the S&* site. The C&* ion (0.73 A) is an well enough in films to produce a phase-pure polytype. There
even closer match to the Sdon size, so this substitution is
highly likely. Moreover, substitution of Cti on an octahe-

dral site is known to occur in the delafossite structure, for g_‘*-jﬂ % ?g % % ’\ét gﬁg

example, in Cu(CuTi)O,.* slsle < e &= g =g
After oxidation of the pellets, the x-ray diffraction pat- g + +
tern exhibits interesting structure as shown in Fig. 3, where = § §
= =

the pattern of intercalated 2H Cu3gMgg 00,4y is shown
together with the pattern for unoxidized 2H

CuSg ogMgg 00,. It is evident that each peak splits into two, el a ] N N .
and that one of the members of the split pair is closely 25 30 35 40 45 50 55 60 65 70
aligned with the corresponding reflection in the uninterca- 2 0 (degrees)

lated sample, while the other is shifted to smallé Zhe
FIG. 4. X-ray diffraction patterns of unoxidized Cuy3gVgg .0, (light

(ihangf: IS. most .S'[I‘Iklng ofor .'[h6110) reflection near 2 line) and oxidized CuSgdVgo 010, 5 (dark ling films. The important re-
-57.3., wnP a shﬁt of 0.8°. !t is much smaller for th0l) _ flections of the 3R(above and 2H (below) polytypes are indicated by
reflectionst* and in this particular set, the data for the oxi- crosses.
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FIG. 5. Variation of thea-axis lattice parameter of CugegMg,O,.,, sput-
tered(closed symbolsand PLD(open symbolsfilms intercalated at 400 °C  FIG. 6. Room temperature conductivitglosed symbols, left scaleand
for =9 h as a function of intercalation pressure. Dashed lines indicate th&eebeck coefficient (open symbols, right scale of unoxidized
a-axis parameters for bulk CuSgQ for y=0 (below) andy=0.5 (above. CuSg_,Mg,0, pellets. Circles correspond to Mg-doped material, squares to
Films that were not intercalated at all are plotted to the left of the break in2H CuScQ, and triangles to 3R CuS¢OThe line is a fit to the conductivity
the pressure axis. data for 0.0k x<0.06.

is a recent report of 3R epitaxial films of CuSgd)ep(gsited Fig. 6, along with the Seebeck coefficient for the same
by pulsed laser depositio°LD) on crystalline AJO5.” Al-  samples. There is an approximately linear increase in con-
though the oxygen content could not be directly determineqjuctivity with increasing Mg content up to aroume:0.06,
in our films, the value of thex axis lattice parameter is a \yhere it reaches 11072 S/cm. Further increase in the Mg
good indicator. We usually determined this from the positioncontent decreases the conductivity. Note that the conductivity
of the (110) reflection, but a refinement of the spectrum wasgf the “undoped” 2H CuSc@is comparable to the Mg-
performed for several films, and the agreement is good. Th@oped samples for small valuesxfThis supports the con-
powder data, extensively refined, give reference points fofectyre that the excess Cu necessary to stabilize the 2H phase
y=0 andy=0.5. In many films, we also observe the simul- enters as Cif on the S&* site and contributes a hole. The
taneous presence of an unoxidized phigse0) with an oxi-  conductivities are more than an order of magnitude higher
dized phase. In films, tha axis lattice parameter of the than for the 3R phase of CuSgQf one assumes that the
oxidized phase is consistent with valuether thany=0.5,  conductivity can be writterr=peu, wherep is the number
unlike in powders where only=0.5 is observed for the oxi- density of holes introduced by the Mg substitution artthe
dized portion. This difference is attributed to nonequilibrium magnitude of the electronic charge, the data belovd.06
conditions in the films, probably strain and other defectsqgn pe reasonably well represented by a “mobility param-
Figure 5 shows the measuradattice parameter for films as eter’ u=5.8x 1075 cn?/V s. This isnota true mobility but a
a function of oxygen intercalation pressure. The differentyarameter that incorporates ionization efficiency as well as
symbols indicate different sets of films, which differ in Mg intrinsic mobility, but the low value is certainly consistent
content, but, as noted previously, Mg incorporation has &yjth the difficulty in measuring a Hall mobility in either
negligible effect on thea axis lattice parameter. The films powders or films, and indicates that the doping efficiency
intercalated at 400 tor¢solid trianglg and at 50 000 torr gnd the mobility are probably both small.
(open circlg are examples where two phases, one unoxidized  The Seebeck coefficients of all the samples are positive,
and the other oxidized or partially oxidized, were ide”tiﬁedindicatingp-type conductivity. The value&00—500uV/K)
by a clear splitting of the110) reflection. It is worth noting  are typical of poor conductors, but more important is that the
that films made by pulsed laser depositiopen circlg were  trends in the Seebeck coefficient mirror the conductivity
significantly more difficult to oxidize. These films were measurement trends, with higher values for the less conduc-
c-axis oriented in contrast to the polycrystalline sputteredijye samples and lower for more conductive ones. Since the
films, and the slow oxidation characteristic of the bulk is alsoggepeck effect is less dependent on grain structure or sample
displayed here. geometry than conductivity, this indicates that the conductiv-
One other structural point is worth mentioning. Our pro-jty is probably not determined entirely by grain structure but
cedure involves an oxidation step that results in the orthopather reflects the Mg content. This is further supported by
rhombic CyS,0s phase'® These films are polycrystalline  thin-film results where the conductivity of CuSg\ig,0, is
and have a greenish hue. The subsequent reduction in Afhout the same order of magnitude as for powders in the
produces CuScg which is almost colorless, but sometimes samex range. Temperature-dependent conductivity measure-
has a slight pink hue. There is no intrinsic reason why thenents were also performed and reflect predominantly vari-

production of CuSc@ should proceed via the 68605  aple range hopping/RH) character. VRH behavior follows
phase, and indeed we have produced films of CySeith-  the |aw

out this step, but it seems to be more reliable and reproduc-

ible to first oxidize the copper completéfy. oz o & Ty

B. Transport properties and can be characterized by the temperature pararfigter
The room temperature conductivity as a function of Mgthe slope of the graph of la versusTY4 This parameter is
doping for the unoxidized Cu$gMg,O, pellets is shown in  presented in Table |, along with the sample densities.
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TABLE |. Density (% of theoretical and VRH parameterT, —~ 1%
(160<T<290 K) from temperature-dependent conductivity measurements g : - >:
of unoxidized CuSg,Mg,0, pellets. In the case of undoped 2H CuScO & L Jo2 a
the phase was stabilized by a small Cu excess. : I 1°°8
= i x
£107F o
Mg dopingx Density (%) ToH4 (KY4) B Jd01 5§
S o
0.0 (3R) 88 216 E 18
0.0(ZH) 77 168 (_)10.2 FERTE T I N 2N T O O B I W B OO
0.01 76 180 0 oo g 08
0.02 76 167 g doping,
0.03 80 160 FIG. 8. Room temperature conductivitglosed symbols, left scaleand
0.04 83 163 oxygen content as determined by TG@pen symbols, right scalef oxi-
0.05 83 163 dized CuSg,Mg,0,., pellets as a function of Mg dopant concentration.
0.06 81 162
0.07 85 154 dized materials. The difference in “mobility parameter” is
0.09 85 154 L .
0.10 83 154 significant but not extremely large. Thus the large conductiv-
0'12 85 139 ity of oxidized CuSg_,Mg,0,,, can be mostly accounted for
015 83 150 by the fact that CuScOaccommodates more excess oxygen

than substituted Mg. Excess oxygen can be intercalated up to
0.5 f.u™ (1 hole f.urt if both holes contribute to the con-
ductivity), whereas Mg can be substituted only at the level of
about 0.05 holes f.tt before adversely affecting conductiv-

We now turn to the results for the set of oxidizgater-
calated CuSg_,Mg,0,., pellets. The room temperature con- ;
ductivities and Seebeck coefficients as a function of Mg con- Y-
tent x are displayed in Fig. 7. The overall behavior is
superficially similar to the unoxidized samples with a broad
maximum neax= 0.05, but the conductivities are larger by

about 1.5 orders of magnitude over those of the correspon . . AT
Intercalation of oxygen is very slow, so it is likely that each

ing unoxidized pellets, with a maximum value of about rain consists of an oxidized shell surrounding an unoxidized
0.5 S/cm. Once again the Seebeck coefficient trend mirrorgenter 9

the conductivity trend, and the overall values are smaller b)? It is not entirely clear why the oxygen uptake depends on

about a factor of 3-4, as expected for more conductive ma; : . .
terial. The increased conductivity is, of course, induced b(’;‘/the Mg doping at all, and why it peaks near the Mg solubility

the oxygen excess, which was measured by TGA for eachit' Mg doping slightly decreaseshe CuScQ lattice pa-

sample, and Fig. 8 illustrates that the conductivity correlategjlmeter(See Fig. 3, so increased Mg content should inhibit

with the oxygen excess. Figure 9 displays the conductivityoxygen uptake, not enhance it. It is in principle possible that

corrected by subtracting the small value for the correspon the crystallite sizes were different for different Mg content,

) - . . and this influenced the oxygen uptake. In favor of this argu-
ing unoxidized material, as a function of oxygen excgss . . . o

. ; - _ ment is that all Mg doped materials were identified as the 2H
Again assuming the validity obr=peu, we calculate the

. . olymorph, and this phase routinely has larger crystallite
number density on the premise of two holes per oxygen, and. ; o - e
: u i " Sizes and is more difficult to oxidize. Thus small variations
find that a “mobility parameter” of about 3.4

% 10 ¢/ V s fits all the data reasonably well—there is in size could produce significant variations in average oxy-

also no saturation effect. As before, one should be circumgen uptake. On the other hand, -ray specira provide no evi-

) X . . ence for significant crystallite size variation. Whatever the
spect about the interpretation of this parameter, but it is abou .
. .reason for the observed larger oxygen uptake read.5, it

a factor of 6 higher than the parameter found for the unoxi- _. . e B e .

raises an important question: could the “unoxidized” materi-

als with similarx value have taken up a small amount of

The oxygen excess represented in Fig. 9 is an average
value for each sample—we have noted previously that the
CuSg_Mg,0,., powders are mixtures of phases with com-
&)_ositions close to CuggMg,O, and CuSg_,Mg,O, 5 The

. 0.6 T T T T T 4 g
§ osf 14032 o 0B
204l 300 € S 05} %
> QL %) - E
= 7 o ~ 04+ -
s 031 {200& z .
B L s 03¢ ® -
2 0.2} i h o 3 - .
2 4100 % s 02f ° ]
Q 0.1 8 © s 4
(&) A 1 ° 5 01 ® -

0 41 1 1 0 3 O gol [ I . ] ]

0 0.04 0.08 %} 0 0.1 02
Mg doping, x Oxygen excess, y

FIG. 7. Room temperature conductivitglosed symbols, left scgleand FIG. 9. Room temperature conductivity of oxidized CuJeg,0.., pellets
Seebeck coefficierfppen symbols, right scglef oxidized CuS¢ Mg,0,.,, as a function of average excess oxygen content. The conductivity of each
pellets. Circles correspond to Mg-doped material, squares to 2H GugscO  corresponding unoxidized sample has been subtracted. The straight line is a
and triangles to 3R CuSeQ. fit.
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TABLE II. Density (% of theoretical and VRH parametef, (T<160 K)

| I T |
from temperature-dependent conductivity measurements of oxidized g 10 -6—— —— — - g—
CuSG_Mg,0,,, pellets. In the case of undoped 2H Cugce phase was & -o— - T V]
stabilized by a small Cu excess. ; A A
£ 10 —/ i
Mg dopingx Density (%) ToH4 (KY4) 3 B j: _— H'
3 10° F .
0.0 (3R) 67 111 s N i
0.0 (2H) 80 79 o 10° 5/ . . .
0.01 75 57 0 5 . 10 1
0.02 76 56 Mg doping in target (at. %)
88431 ;; 22 FIG. 10. .Rc_)onj temperature conductivity of Cqsl.k/lgxoﬁy films. The Mg
’ content is indicated as the percentage of Mg in the sputter target. Three
0.05 71 7 different intercalation procedures—high pressyuircles, intermediate
0.06 79 71 pressure(diamondy, and no intercalation(squares—and two different
0.07 73 67 deposition temperatures of 350 {€osed symbolsand 150 °Qopen sym-
0.09 79 64 bols) are also indicated. The lines are guides to the eye.

X 10* torr), the conductivity reached about 25 S/cm for un-

oxygen during synthesigfor example, during the quench doped and Mg doped films. We have no qugntitative measure
from 1100 °Q, so that their conductivity is really oxygen of the oxygen content of the f!lms, but fllms_lntercalated with
induced rather than Mg induced? The answer appears to gxygen at 400 torr were all intercalated S|mul_taneously, o)
“no” for several reasons. First, neither TGA nor x-ray dif- tN€ 0xygen uptake should be the same. The increased con-
fraction of the unoxidized CuScMg,0, materials gives ductivity for higher Mg doping in this case could be the

any indication of excess oxygen. Second, the oxidized mate,r-esu“ of a codoping effect where the presence of the oxygen

fials were ground one additional time compared to their uniMProves the efficiency of hole generation by the Mg, or
proves their mobility by providing increased orbital over-

oxidized counterparts, so crystallite size variations should be" '~ S
ap in the Cu planegr Cu-0O planes in this caseHowever,

different. Finally, thin film conductivity results, discussed be- hi dh be i s q tully f |
low, also show that the addition of Mg improves conductiv- t's would have tp e Investigate more caretully for severa
; levels of Mg doping, and would require quantitative oxygen

. The oxidized 3R and 2H phases of bulk Cu$gANo a_nalysis. In the heavily intercalated films, the conduc_tivity is
Mg) also show changes in transport properties similar t igh enough that the dependence on Mg. conce.ntrauo.n IS no
their unoxidized counterparts. The oxidized 2H CugcO onger ewdgnt. The maximum c_onduct|V|ty_ achieved in n-
(Cu doped is of comparable conductivity to the oxidized tercalated f”.m.s is 10-50 t|mes. h.|gher Fhan in powders. S|r_1ce
Mg-doped powders. In the case of the 3R CuggOthe the conductivity for the unoxidized films and powders is

improvement in conductivity upon oxidation is very large Z'm”?r’ thg Iol;/ver gondu?;lw:y 'E [?Eowtdherstls.unllkel)l/ tto be.
(from 7X10%S/cm to 0.2 S/cm upon oxidatipn This ue 1o grain boundary eltects, but rather to incomplete oxi-

may result from increased oxygen incorporation arising fromdat'on of the powdered materials.

the generally smaller grain sizes in 3R powﬁf‘ei[he con-
ductivity of all the oxidized materials is less temperature
dependent than for the corresponding unoxidized materials, The results of the diffuse reflectance measurements of
which results in lower values of the parameigr as shown the unoxidized 3R and 2H CuSe®owders and of unoxi-
in Table II. It is also not possible to fit all the data with a dized CuSg¢ ,Mg,O, powders forx=0.02 and 0.04 are
single VRH form, so the values in Table Il are for tempera-graphed in Fig. 11. The diffuse reflectar(celative to MgQ,
tures below 160 K. R(\), was recorded as a function of wavelength. The ratio
The conductivity for CuSc,Mg,0,., films as a func-  (1-R)?/2R gives the ratio of the absorption coefficient to the
tion of Mg content in the sputter target is shown in Fig. 10.scattering factor at that particular wavelength. To the extent
Unoxidized films with no Mg dopindy=0,x=0) have very that scattering is not expected to vary considerably over the
low conductivities(<10™ S/cm), and the incorporation of wavelength of interest, this ratio may be considered propor-
Mg increases the conductivity by about two orders of mag-
nitude to the level of 1 S/cm (similar to powders The 1.0

C. Optical properties

conductivity of the film with higher Mg conter(x=0.15 in N@

sputter targetis slightly smaller than that of the film with j 08

x=0.05 in the sputter target. Although there are only two ; 06

doping levels, the results are consistent for several prepara- 804

tion conditions(including more than the two shown hgre ®

The overall increase of the conductivity upon uptake of oxy- g 0.2 ) 3R
gen is a further two orders of magnitude to a level of S o0E I I

1-5 S/cm for the films intercalated at 400 torr. In this case 2 25 3 35 4

o : ) o , Energy (eV)
the conductivity continues to increase with increasing Mg

doping. Upon high pressure oxygen intercalatidb FIG. 11. Diffuse reflectance spectra of CyShg,0, powders.
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tional to the absorption coefficient, usually called The Oxygen intercalation expands the CuScdQattice,
absorption coefficient can be obtained directly from truemainly by increasing tha axis lattice parameter. X-ray dif-
transmission and reflection measurements on thin films ofraction indicates that the oxidized bulk material consists of a
crystals, but for powders, diffuse reflection is considered amixture of two phases with compositions close to
reasonable equivaleniDiffusely “reflected” light from loose = CuSqg_Mg,0, o and CuS¢.,Mg,O, s In films, such mix-
powders has, in fact, also been transmitted through tiny crysures are also observed, but the oxygen content of the oxi-
tallites near the surfacelt is common practice to pldiaE)>  dized phase may be less than 2.5.
versusk (whereE=hc/\ is the photon energyand deter- The increased conductivity CuSgMg,0,., has a sig-
mine a direct band gap from the intercept of the plot with thenificant effect on the optical absorption of the material. Dif-
ordinate axis. Such a representation is found in Fig. 11. Théuse reflectivity of powders indicates that the 3R polymorph
values for the band gap thus determined from diffuse reflecis virtually defect free, with little absorption of light at ener-
tance may not be entirely accurate given by the approximagies below 3.4 eV. The 2H polymorph stabilized by excess
tions, but they should clearly indicate trends. Cu shows increased absorption across the visible spectrum,
The 3R CuScQ is very slightly gray in color and its as do the 2H polymorphs stabilized by Mg substitution,
diffuse reflectance spectrum is very clean and allows an unwhich also have additional absorption at 2.3 eV. Films of
ambiguous band gap to be identified. It was estimated afuSg_,Mg,O, are highly transparent, even with Mg substi-
about 3.3 eV and is qualitatively in agreement with valuestuted at the level of several percent, but show increased ab-
measured in thin film$>° The “undoped” 2H phase CuSgO sorption over the visible range upon oxygen intercalation.
powder is a darker gray as is to be expected from the overall
higher absorption in the visible region. There is also an ad-
ditional feature in diffuse reflectance near 3.3 eV. However, ckNOWLEDGMENTS
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