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Strong effects of surface depletion have been observed in metallic La-doped; ShmCfilms

grown on SrTiQ substrates by pulsed-laser deposition. The depletion layer grows with decreasing
temperature due to the large temperature-dependent dielectric response of.SWi@n

the depletion layer becomes comparable to or exceeds the thickness of the doped film, the Hall
mobility shows significant enhancements as more of the electron distribution extends into the
undoped substrate, in conceptual analogy to modulation doping in compound semiconductor
heterostructures. @004 American Institute of Physic§DOI: 10.1063/1.1668329

Electron-doped SrTiQis a good metal, exhibiting low- orders of magnitude higher than in most semiconductors. We
temperature Hall mobility in excess of 10000 ¥ws.™3  estimate a surface pinning potential-eD.7 eV, as deduced
The presence of a nearby ferroelectric instability providedrom transport measurements and x-ray photoelectron spec-
significant screening by polar phonons, resulting in metallicroscopy(XPS). For very thin films, we find that the conduc-
conduction with increasing mobility as temperature de-tion electrons are spatially separated from the doped film and
creases, while the electron density remains nearly temperg@ushed into the substrate by the built-in potential due to sur-
ture independent. This is despite a large effective mass esfiace bandbending, enhancing the low-temperature carrier
mated at~10m,." Substitutional doping of Nb on the Ti site mobility. Surface depletion is a likely contribution to surface
or La on the Sr site forms hydrogenlike donor states whichdead layers discussed in many oxide thin films, which are
generate conduction electrons. The semiconductor charactesften characterized by large dielectric constants and polar
istics of SrTiQ;, as well as the availability of high-quality surfaces.

SITiO; substrates lattice matched to many transition metal  Doped SrTiQ films were grown in an ultrahigh-vacuum
oxides, have made thin-film studies of SrEiCentral to the chamber by PLD, using a single crystal target of (%
notion of “oxide electronics.” at. %9-doped SrTiQ. A KrF excimer laser with a repetition

Controlled doping during thin-film growth of SrTis  rate of 5 Hz was used with fluence at the target surface of
complicated by the role of oxygen vacancies, which also~1.7 J/cnf, and a target—substrate distance of 45 mm. Buff-
generate conduction electrons. This mechanism often domgered HF-etched(001) SrTiO; substrates, presenting a
nates below oxygen partial pressuig, of 10°* Torr in  TjO,-terminated surfact, were used to grow 100-1000 A
pulsed-laser depositiofPLD).* However, it has also been films at 800 °C. The thickness was monitored observing unit-
observed that robust electron doping by Nb substitution durcel reflection high-energy electron diffractisRHEED) os-
ing PLD is unsuccessful above a thresh®lg,, which var-  cillations. Molecular @ and atomic O, generated by an rf
ies depending on the individual growth systemThis pro-  radical source, were used at various partial pressures. After
pensity is suppressed for La-doped films, although the lowthe growth, the temperature was lowered at a constant rate of
temperature carrier mobility is significantly reduced from 50 °C/min, keeping the oxidant gas pressure constant. The
levels achieved with Nb substitutidnDespite this compro- transport properties of the films were measured in a conven-
mise, many peroskite heterostructures place a premium ofipnal Hall bar geometry with ohmic contacts obtained by
well-controlled robust dopant profiles for their function. In |aser annealirfyand Al evaporation. XPS was performed at
this vein, the surface electronic structure of doped and unroom temperature for some of the films in a separate analysis
doped SrTiQ has been subject to intensive photoemissiornchamber.
studies. Although theoretical studies have predicted a large  The basic experimental observation we wish to address
density of intrinsic surface statdsthe effects of surface can be seen in Fig. (4), which shows the temperature-
depletion have not been established in this matéfiahlike dependent resistivityp(T) for a series of films of
most compound semiconductors. Lag 0sSo 9=TiO3 With varying thickness, grown in 0.1 Torr of

In this letter, we report the observation of significant o, At these high oxygen pressures, oxygen vacancies in the
surface depletion in metallic La-doped SrgiGhin films.  fim are suppressed. With decreasing thickngssicreases
This phenomenon is unusually strong even at high carriegramatically, roughly by an order of magnitude going from
densities, due to the large dielectric background of S§TiO 1000 A to 100 A. The Hall coefficier®Ry, for the films was
measured betwee2 K and 300 K, using the film thicknesls
Ipresent address: Institute for Materials Research, Tohoku University, Serdletermined from RHEED oscillations. The Hall effect was
b)dA?sibgeip_gg;;t*ipnindf Advanced Materials Science, University of Tokyo linear in magnetic field up to 14 T, and showed no additional

Kashiwa, Chiba 277-8561, Japan, and Japan Sc’ience and Technold%sgrUCture for. al tempe_ratures. The temperature.-de-pendence
Agency, Kawaguchi, 332-0012, Japan; electronic mail: hyhwang@k.u- f the effective three-dimensional carrier denmtys given
tokyo.ac.jp in Fig. 1b), where n=—-1/(eR;) and e is the electron
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FIG. 2. (a) The relation between film thicknedsandnd, for various thick-

ness films. The vertical intercept corresponds to the thickness of the surface
insulating layerd,, which is evaluated as 165 A and 53 A at 2 K and 300
K, respectively.(b) Temperature dependence of the insulating layer thick-
nessd,. Also shown is the temperature dependence of the dielectric con-
stante, as determined from the depletion layer thickness, assuming a surface
pinning potentialVg of 0.7 eV and full dopant activation for all tempera-
tures.
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FIG. 1. (a) Temperature dependence of the resistiyitipr Lag 9551y 951103
films with varying thicknessl ranging from 100 A to 1000 Ab) Tempera-
ture dependence of the carrier densifyas deduced from the Hall effect, for
the films in(a). The dashed line denotes the ideal carrier density, assuming

full activation of the La dopants. stant (consistent with bulk and thick film measurements
€(T) can be estimated frordy(T), as shown in Fig. ().
charge, which has been found to be an accurate descriptiorhe temperature dependencesd$ quite similar to that mea-
in bulk (La,SHTiO5 in this doping rangé® With decreasing  sured in films® rising by an order of magnitude at low tem-
temperature, the carrier densities of all of the films decreasperatures, but significantly suppressed when compared to
markedly, in contrast to the nearly temperature independeriulk single crystal$? Therefore, we conclude that the intrin-
n observed in doped bulk single crystals. However, the lossic carrier density in the films is temperature independent,
of carriers is inconsistent with freeze-out, following rather abut the temperature dependence of the depletion layer re-
power law temperature dependence and saturating at a finitkices the total carrier number.
value. It is also noteworthy that thinner films show smatier As an independent measure of surface depletarsitu
at all temperatures. XPS was performed for several {@Sr, o5TiO5 films and a
A common interpretation of Fig. 1 is the existence of anbare SrTiQ substrate. Figure (8) shows spectra near the
insulating dead layer. To consider this issue, we first note thatalence-band maximur,, for three films of constant thick-
there was no evidence of diminished crystallinity near theness(1500 A grown in 1x10°° Torr of O, (A), 1x107°
surface, from either RHEED or x-ray diffraction. Therefore, Torr of O (B), and 0.1 Torr of @ (C). The carrier density of
we focus on the loss of carriers at the surface over a constastaich film was measured asx80?, 1x10%, and 8
thickness. Figure (@) showsd as a function ofnd for the ~ x10?° cm 3, respectively, and all showed metallic conduc-
films in Fig. 1, which shows linear behavior. The positive tivity down to low temperature. Films A and B, containing
vertical intercept gives a measure of the insulating layeioxygen vacancies, have carrier densities higher than the
thicknessdy, evaluated as 53 A at 300 K and 165 A at 2 K. La®>* concentration (8.4 10?° cm™3). Considering first the
A similar analysis at all points gives the temperature depenSrTiO; substrate, the valence-band edge is consistent with
dence ofdq [Fig. 2(b)], which grows significantly with de- the chemical potentigk fixed close the conduction band by
creasing temperature. residual impurities and oxygen vacancies. Film C, grown in
The temperature dependencedgfcan be understood by conditions identical to those in Figs. 1 and 2, shows a de-
considering the expression for a depletion layer crease ir[Ey— u|, opposite to what would be expected from
do=(2€(T) eoVg/en)®S 1) a Burstein shift. A similar trend is also observed in the shift

of the peak positions. With increasing carri¢fiims B and
where € and €, are the SrTiQ and vacuum dielectric con-

A), |Ey— u| systematically increases, consistent with degen-
stants, respectively, andg is surface pinning potential. Us- erate semiconductor statistics and conduction-band filling,
ing n=[La%"] (asymptotically approached with increasing leading to a typical Burstein shift with respect to film C.

film thickness and temperatyreand a typical value for the These systematic trends support the picture of bandbend-

dielectric constant of thin-film SrTiQe(300 K)=3001% one
obtainsVg=0.7 eV to reproduce the observeld at room

temperature. Taking the value ¥=0.7 eV andn as con-

ing at the surface deduced from transport measurements,
since the XPS probing deptfi20 A) is shorter than the
depletion layer thicknessdf). Figure 3b) shows a sche-
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; E FIG. 4. Temperature dependence of the Hall mobility for the films
. C shown in Figs. 1 and 2. The inset shows Jeg as a function ofi—d,, the
\ undepleted film thickness, at various temperatures. Note that the highest
u mobility values are seen at negativé—<{d,) in the d=100 A film at low

temperature, corresponding to complete depletion of the doped film.

X-ray ;

sites, and distribute into the substrate by the built-in potential
arising from surface bandbending. The mobility enhance-
ment arises from this separation, as the conduction electrons
are less sensitive to scattering by the ionized'Lampuri-

FIG. 3. (8) XPS spectra near the valence-band maximiynfor 1500 A ties. This effect is significant despite the decrease in mobility
t'ligv'me?ﬁ-ﬁ%&ﬂ?gﬂ&"izoﬁ‘?gggﬁf%ﬁsOsfi”g'igyslti'-lgf‘f;gfr‘:so}’vge due to a growing contribution of diffuse surface scattering
?B), and 0.1 Torr of @ (C). (b). Schematic bangzdiag,ram of 4.§Srp 95TI03 Wlth, c.iecreas'lng film thICkn,eSS' Although La-doped SrgI'IQ
film grown on SrTiQ substrate. The depletion layéj is generally thicker ~ €Xhibits relatively low mobility, these results demonstrate, in
than the XPS probing depit-20 A). principle, that the notion of offset dopitfican be applied to
oxide heterostructures as a means of increasing carrier mo-
bilities.

depletion  conducting
layer layer

matic energy diagram of the LgsSr ¢sTiO5 film. The sur-

face pinning potential can be estimated \dg=E,—|Ey The authors thank R. L. Opila for assistance regarding
—u|, whereEg is room-temperature bandgap of Sr§i0 xPS, and T. Susaki for discussions.
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