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Through systematic control of the Nd concentration, we show that the carrier density of the two-
dimensional electron gas (2DEG) in SrTiO;/NdTiO;/SrTiO3(001) can be modulated over a wide range.
We also demonstrate that the NdTiO; in heterojunctions without a SrTiO;3 cap is degraded by oxygen
absorption from air, resulting in the immobilization of donor electrons that could otherwise contribute to
the 2DEG. This system is, thus, an ideal model to understand and control the insulator-to-metal transition in
a 2DEG based on both environmental conditions and film-growth processing parameters.
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The debate over mechanisms of electronic phenomena
at polar-nonpolar interfaces is part of a larger effort to
understand emergent phenomena in complex oxides, a class
of materials that exhibits an exceedingly wide range of
properties [1-6]. Polar-nonpolar interfaces can be catego-
rized as those with the same B-site cation and those with
different B-site cations. The former include RTiO; on
StTiO; where R = La, Gd, and Nd. A special subset of the
latter is that with a nonreducible B-site cation, the most
widely studied being LaAlO; (LAO) on SrTiO; (STO).
However, consensus has not yet been reached concerning
the mechanism(s) of interfacial conduction, which has been
linked to nonstoichiometry in the LAO film [1-5]. Starting
with the earliest observations, it has been hypothesized that
conductivity arises from an electronic reconstruction (ER)
to alleviate the “polar catastrophe” which accompanies the
formation of an abrupt interface [7]. Extrinsic factors, such
as unintentional doping via cation intermixing and oxygen
vacancy generation, have also been considered in light of
the actual, as opposed to idealized properties of the inter-
face [1,3,8—12]. The debate over conduction mechanism(s)
has been further fueled by the fact that ER predicts a carrier
concentration of 0.5 electrons per unit cell (e~ /u.c.)
(3.3 x 10 cm™2), whereas virtually all experiments car-
ried out to date reveal carrier densities an order of
magnitude lower unless abundant oxygen vacancies are
present in the STO, in which case, the carrier density is
larger than the ER prediction.

In RTiO5/STO the common B-site cation leads to a
symmetrical interface (Ti**037)°(R*0*")*(Ti**037)~,
independent of growth sequence. As a result, as little as
1 u.c. of RTiO5 on TiO,-terminated STO has been predicted
to act as a 6-doping layer which would provide 0.5 ¢~ /u.c.
per interface via ER [13]. However, previous work has found
that for 1 u.c. RTiO;, the carrier concentration was
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substantially lower than the value expected from the ER
model [13,14]. To date MBE-grown NdTiO;/STO
(NTO/STO) [15] and GdTiO5;/STO (GTO/STO) [16,17]
exhibit a carrier density of 0.5 e~ /u.c. per interface only for
>2-3 u.c. RTiO; layers, in addition to a STO capping layer.
In contrast, the conductivity threshold for NTO/STO
heterojunctions without a STO capping layer is much higher
(8 u.c.) [15].

In this Letter, we present a unified picture of the origin
of the two-dimensional electron gas (2DEG) in NTO/
STO(001). NTO is a Mott insulator with a gap of 0.8 eV.
Transport data reveal that bulk, single-crystal NTO exhibits
semiconducting behavior with an activation energy of
~0.084 eV [18]. Additionally, magnetic susceptibility mea-
surements yield Curie-Weiss behavior consistent with d!
moments localized on Ti sites and conduction by electron
or small polaron hopping [19]. The present results shed
light on the fundamental properties of polar-nonpolar
heterostructures and provide a novel yet simple route for
their control. We demonstrate that STO/1 u.c. NTO/
STO(001) exhibits metallic conductivity with a carrier
density equal to 0.5 ¢~ /u.c. We then show why uncapped
NTO/STO(001) exhibits a much higher conductivity
threshold than STO-capped specimens. Finally, we dem-
onstrate that the carrier density in STO/ > 2 u.c. NTO/
STO(001) can be tuned through the controlled introduction
of Nd vacancies (Vnq)- Vng have the effect of increasing the
Ti formal charge from 3+ to 4+ via localized hole doping,
thereby modulating the carrier concentration.

All STO/NTO/STO heterostructures were prepared
using hybrid molecular beam epitaxy (MBE) [20].
Figure 1 shows the temperature dependence of the sheet
resistance (R;) for 8 u.c. STO/1 u.c. NTO/8 u.c.
STO/LSAT(001). R, first decreases with decreasing tem-
perature and then increases below ~70 K. Such an upturn is
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FIG. 1. (a) Temperature-dependent resistivity for 8 u.c.

STO/1 u.c. NTO/8 u.c. STO/LSAT(001). Inset shows the Hall
data revealing n-type behavior and a carrier concentration of
0.5 e /u.c. (b) A structural model of the 1 u.c. NTO layer
sandwiched between STO layers.

widely ascribed to weak localization [43]. The inset shows
the Hall resistance at 300 K as a function of magnetic field;
the slope indicates n-type conduction with a carrier density
of 3.4 x 10'* cm~2. Interestingly, the carrier density is
exactly half the value expected from electronic
reconstruction by a single monolayer of NdO [13].

Next, we examine the role of the STO capping layer on
interfacial conductivity. Although capped STO/NTO/STO
heterojunctions are conductive for >1 u.c. NTO, the
conductivity threshold is 8 u.c. if no STO cap is present
[15]. Additionally, prolonged air exposure converts
uncapped conductive samples of NTO/STO into insulators
even if the NTO thickness is greater than 8 u.c. As
described below, our combined experimental and theoreti-
cal results suggest that this transition is caused by oxygen
absorption at air-exposed NTO film surfaces, leading to
oxidation of Ti** cations which quenches polarization
doping of the STO. Our first-principles calculations show
that stoichiometric NTO readily incorporates interstitial
oxygen (O;,,) and predict that NTO absorbs oxygen until a
composition of NdTiOs 5 is reached (see the Supplemental
Material [20], Fig. S3). This result is supported by the fact
that the ratio of O 1s and Ti 2p3, peak areas in air-exposed
NTO(001) is 46% larger than that for air-exposed
STO(001). Charge population analysis shows that incor-
poration of a single extra oxygen atom results in the
conversion of two Ti** ions into Ti*t ions, while the extra
oxygen, which occupies interstitial sites, acquires an atomic
charge indistinguishable from that of the host lattice O*~
ions. Accordingly, the occupied Ti 3d—derived lower
Hubbard band in stoichiometric NTO is depleted while
the width of the O 2 p valence band increases with increasing
excess oxygen concentration. As a result, the NTO layer is

unable to dope the adjacent STO layer. It is only when the
NTO film is sufficiently thick and kinetic limitations prevent
oxygen from reaching the buried layers that NTO is able to
dope STO.

These conclusions are fully supported by our experimen-
tal data. We compare in Fig. 2(a) x-ray photoelectron spectra
(XPS) for a 10 nm NTO film with those for bulk Nb-doped
SrTiO5(001). To facilitate comparison, we have applied a
rigid shift to the NTO binding energies scales such that the
lattice O 1s peak aligns with that for Nb:STO(001).
Inspection of the Ti 2p3/, spectrum for NTO reveals a
complex line shape whereas the spectrum for STO consists
of a sharp singlet. The intense feature in the NTO spectrum
at 458.1 eV is shifted 0.6 eV to lower binding energy from
the single peak in the n-STO spectrum. This value is far less
than the ~2 eV shift observed in going from Ti** to Ti** in
STO doped with high quantities of substitutional La or Nb or
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FIG. 2. (a) Experimental core-level x-ray photoelectron spectra
and (b) theoretical core potentials for 10 nm NTO/LSAT(001)
and bulk n-STO(001).
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O vacancies [44—46]. We assign this feature to Ti** in NTO
within the layer containing excess oxygen, as explained
below. A second significant difference between NTO and
STO is found in the O 1s spectra, also seen in Fig. 2(a). The
full widths at half maximum (FWHM) are 1.35 eV for NTO
and 1.05 eV for STO.

Low-angle XPS measurements [Fig. 2(a)] show that the
near-surface region of the NTO film consists entirely of
Ti**. After proper scaling, taking the difference of spectra
measured along the surface normal and 70° off normal
reveals that the deeper NTO layers consist entirely of the
weaker peak seen in Fig. 2(a) at 456.8 eV with a broad
shoulder at ~455 eV (see the Supplemental Material [20],
Fig. S4). These results are consistent with a concentration
profile for O;,; which transforms virtually all Ti cations in
the near-surface region to Ti** and then falls off with
increasing depth, leaving the Ti** cations at the bottom of
the XPS probe depth (~5 nm). To test these assignments
against first-principles simulations, we have calculated the
on-site electrostatic potential for all O and Ti ions in
NdTiOs, s as a function of §(6 = 0.0 — 0.5), which cor-
responds to the supercell composition Nd;gTij¢O4s.,
(n=0—8). At n =8, enough oxygen has been added
to convert all Ti** to Ti**. Since both the O 1s and Ti 2p
atomic orbitals are within the projected augmented wave
pseudopotentials, variations in the on-site electrostatic
potentials are expected to match changes in the associated
binding energy shifts, assuming the effects of core-hole
screening are independent of 6. The results are shown in the
Supplemental Material [20], Figs. S5 and S6. The differ-
ence between on-site potentials at the Ti** and Ti*" sites in
NTO and the widths of the potential distributions show
little dependence on the choice of the lattice parameters.
Core potential distributions at the O sites (viz., theoretical
O 1s spectra) were constructed by broadening each data
point with a Gaussian of the same width as that measured
for O 1s in STO (1.05 eV). We then averaged these
spectra for all nine oxygen concentrations to represent the
gradient within the probe depth of the actual specimen. The
result is shown at the top of Fig. 2(b) and is labeled
O;,:NTO. The family of theoretical spectra for
Nd¢Ti1¢048,,, (n =0 — 8) is shown in the bottom part
of Fig. 2(b). Likewise, the potentials for each Ti** and Ti**
cation in NTO were broadened by convolving with
Gaussians of the same widths as those measured exper-
imentally [Fig. 2(a)] to construct theoretical Ti 2 p spectra. In
the absence of detailed information on the O;,; concentration
profile, we simulated the experimental spectrum by averag-
ing the theoretical spectra for the end members (NdTiO5
and NdTiO;5) with weighting factors of 0.25 and 0.75,
respectively. These spectra are also shown at the top of
Fig. 2(b). Finally, we aligned the theoretical spectra in the
same way as we did the experimental spectra; the energy
scale was shifted so the O peak energy for O;,:NTO
matches that for STO.

For both Ti and O, we find excellent agreement between
theoretical and experimental spectra for O;, :NTO(001).
The increase in O 1s FWHM from STO to O;, :NTO
attributed to lattice distortions is well captured by theory;
the theoretical FWHM is 1.24 eV compared to 1.35 eV in
experiment. Similarly, the calculated energy difference
between Ti** in STO and Ti** in NTO (0.4 eV) agrees
well with experiment (0.6 eV), as does the chemical shift
between Ti** and Ti** in NTO (1.4 eV compared to
1.3 eV). These results shed light on spectral interpretation
in recent literature on the Ti 2p binding energies of RTiO;
epitaxial films [47,48] and underscore that the overall
electrostatic environment in addition to formal cation
valence determine initial-state effects in XPS.

The fact that the charge available in NTO for polarization
doping of adjacent STO layers can be immobilized by
conversion of Ti** to Ti** via addition of oxygen suggests
that there may be other more controllable ways of tuning
the carrier density in adjacent STO layers. One approach is
the creation of Nd vacancies (Vq). We hypothesize that the
NTO lattice will compensate for each V4 by generating
three holes that localize on three Ti** cations, thereby
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FIG. 3. (a) Schematic illustration of an electronic

reconstruction model for a multilayer of Nd,_, TiO; sandwiched
between layers of STO. (b) The expected charge density (7,,)
based on the electronic reconstruction model as a function of x.
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reducing the available charge that can be transferred to
STO via polarization doping [49]. We show in Fig. 3(a) a
schematic of the ER model for 2 u.c. of the Nd,_,TiO;
layer sandwiched between SrTiO; layers. Each
(Nd,_,0)'=3 layer should electron dope the adjacent
STO layer, resulting in a net charge of 0.5-1.5x ¢~ /u.c.
per interface. Accordingly, the total carrier density (n,,) at
both interfaces should be

Nyy = 6.69 x 10'(1-3x) cm™2. (1)

For >2 u.c. of Nd;_, TiO3, the carrier density is expected to
decrease linearly from 6.69 x 10'* cm™2 with x and reach
zero at x = 1/3, as seen in Fig. 3(b).

In order to systematically investigate the effect of Vg on
carrier density, we prepared a series of 8 u.c. STO/2 u.c.
Nd,_,TiO3/8 u.c. STO/LSAT(001) heterostructures for
different x (see the Supplemental Material [20], Fig. S2 for
characterization data). The value of x was controlled by
varying the titanium tetraisopropoxide (TTIP):Nd beam
equivalent pressure (BEP) ratio at a fixed TTIP BEP. Note
that TTIP also supplies the oxygen, so the oxygen flux was
also kept fixed. Figure 4 shows R vs T, along with n,, and
electron mobility (x) at room temperature as a function of the
Ti:Nd BEPratio. R (T') increases with the Ti:Nd BEPratio, in
agreement with our prior work [21]. We also observe a
monotonic decrease in n,; that becomes nearly constant
at ~3 x 10" ¢cm™2 for a Ti:Nd BEP ratio in excess of 40.
Significantly, the overall trend is very similar to
the behavior expected based on our model [Fig. 3(b)]
and the 2DEG density is ~7 x 10 cm™2 (0.5 e~ /u.c. per
interface) for the stoichiometric composition (Ti:Nd
BEP ratio=7.7).

- i 10F
, (@)  TENdBEPratio stoichiometric (b)
sly, 77 <96 | _of [
10 ¢ =138 < 185 NE 1e/u.c.
% 256 5-310| S b ‘0
386 <407 g B,
455 - 628 | % 4F .
10°F ey & oF % <§‘
R T=300K D e e S
g’ 0h 1 1 ‘<2|>®-. <> <> Il
g 0 20 40 60 80
4 10F (c)
2% m
Teop 0
8 A\l
g4 B, 0
5. 2F - LX) _E]_ [ ———
\ of v
10 1 1 1 I 1 I 1 1 1 1 1 1 1 1 1 1
0 100 200 300 0 20 40 60 80
T (K) Ti:Nd BEP ratio

FIG. 4. (a) Temperature-dependent resistivity of 8 u.c.
STO/2 u.c. NTO/8 u.c. STO/LSAT(001) as a function of the
Ti:Nd BEP ratio used for NTO growth. (b) Room-temperature
two-dimensional carrier concentrations and (c) electron mobility
as a function of the Ti:Nd BEP ratio used during NTO growth.
Note that the Ti and O fluxes were kept fixed.

Given that the Vyq concentration was controlled by
changing the Nd flux at fixed TTIP (and, therefore, oxygen)
flux, the Ti:Nd BEP ratio (rggp) and x can be related by an
empirical relationship

__ ,stoich
Y= 'BEP — 'BEP (2)

’
a

where « is a proportionality constant and ri%sh = 7.7,
which is the Ti:Nd BEP ratio for stoichiometric NTO.
Inserting Eq. (2) into Eq. (1), we express n,, in terms of
rggp, and a as

3
nyy = 6.69 x 1014 1-— ; (rBEp — 77) Cm_z. (3)

Using Eq. (3), we fit the linearly decreasing portion
of the data in Fig. 3(b) and obtained a value of a = 107.
From Eq. (2), x can be determined as a function of rggp,
providing a relationship between the growth parameters
and the Vyy concentration. Using this expression, we
calculate x at the critical value of the Ti:Nd BEP ratio
(rggp = 42) where n,; becomes constant. We obtain a
value of 0.32, the same as that predicted by our model
[Fig. 3(b)]. This result not only provides direct evidence for
ER being operative but also yields a simple, direct relation-
ship between growth parameters and the 2DEG, thereby
enabling predictive control over carrier density.

Our data do not allow us to say if Vyg-induced small-
hole polaron transport [50,51] within the Nd,_,TiO5 is
operative. However, due to the low mobility, the holes are
not expected to contribute to the measured Hall voltage;
hence, the latter is dominated by electrons in the STO [15].
The other candidate compensation mechanism is Vg
creation. If Vg generation occurred, the Nd-deficient
NTO phase would be Nd;_,TiO3_s. However, inasmuch
as Vg is a double donor, n,; would then be given by
(1-3x 4 26) e~ /u.c. In this scenario, &, x, n,, would be
related to rggp by a more complex relationship than Eq. (3).
Additionally, the value of 6 would need to be nearly zero to
yield the observed x value at which the carrier density
becomes 1 e~ /u.c.(x =0) or zero (x = 1/3). The good
agreement between our data and the simple linear depend-
ence of Eq. (3) suggests that the V creation mechanism is
not relevant and that the Vyy mechanism dominates.

As a further check of our model, we use XPS to relate the
x values inferred from carrier densities to actual Vyy
concentrations. In order to do so, we compare core-level
intensities and line shapes for representative uncapped
10 nm films of stoichiometric NTO and Nd-deficient
NTO grown directly on LSAT for which x = ~0.08 based
on the rppp value. Assuming no change in the electron
attenuation length and a uniform distribution of Vg, x
should be given by the peak area ratio of any Nd core level
(e.g., Ang,_ Ti0,/ANatio,)- However, for 10 nm films
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without a STO cap and with a large x (0.08), the NTO film
appears to have different surface composition which
complicates the analysis. As a result, the value of x given
by Andi-r1io3/Angrios 18 0.13 (see the Supplemental
Material [20], Figs. S7-S9 and associated discussion).
The Ti 2p core-level spectra show that the near-surface
region of the Nd-deficient film is enriched in Ti** more
than expected based on the concentration of V4 compared
to the stoichiometric film, suggesting Ti*"-containing
secondary phase formation. This result is consistent with
the x value being overestimated. Nevertheless, these data
do allow us to qualitatively conclude that reducing rggp
increases Vyy without introducing V. Our transport
measurements combined with the XPS confirm electronic
reconstruction as the mechanism of carrier generation and
provide a unique pathway for predictive control over the 2D
carrier density via manipulating the formal charge of Ti.
In summary, we show that NdTiO5/SrTiO; heterostruc-
tures constitute an ideal test bed for understanding elec-
tronic reconstruction at polar-nonpolar interfaces and for
exploring how such systems might be used in all-oxide
2DEG-based transistors. The combination of controlled
MBE growth and detailed characterization (including
expanded understanding of transition metal core-level
binding energies and transport) allows us to understand,
tune, and predict the properties of a very promising
materials system, the study of which settles some long-
standing issues concerning the true characteristics of the
polar discontinuity as it exists at oxide heterojunctions.
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