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Electron gases created by modulating the charge density near interfaces and surfaces of insulating SrTiO3

offer a wide range of tunable behavior. Here, we utilize the nonlinear dielectric response of SrTiO3 to elec-
trostatically manipulate the spatial confinement of an electron gas relative to an interface, where scattering is
enhanced. Magnetotransport measurements reveal that the electron gas can be tuned from weakly localized to
classical transport regimes. This crossover in transport demonstrates that elastic scattering can be electrostati-
cally controlled, providing another degree of tunability for electron gases in SrTiO3.
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I. INTRODUCTION

Transition-metal oxides exhibit extraordinary functional-
ity that can be tuned through charge-carrier doping.1 A well-
known example of such a compound is SrTiO3 �STO�, which
transitions from insulating to semiconducting behavior as
electrons are progressively doped into the lattice through
oxygen vacancies or chemical substitution.2 Recent advances
have enabled quasi-two-dimensional electron gases
�Q2DEGs� to be created by modulating the carrier density
near interfaces and surfaces of insulating STO.3–15 In particu-
lar, much interest has focused on the Q2DEG found at the
LaAlO3 �LAO�/STO interface,3–11 where indications of mag-
netism and superconductivity have been observed.7,8

Q2DEG’s in STO can also be created through Ar
irradiation,12–15 which have been found to exhibit photolumi-
nescent behavior.13 Q2DEG’s can potentially be utilized in
future electronic devices, provided methods to control the
rich phenomena they exhibit are developed and understood.

In this regard, the dielectric properties of STO can be used
to tune the behavior of Q2DEG’s. For example, by applying
an electrostatic field, the insulating STO can serve as a ca-
pacitor to gate dope the Q2DEG.4,8 An electrostatic field is
also expected to change the spatial thickness of the Q2DEG
by modifying the potential that confines the carriers.10 The
nonlinear dielectric constant ��E� of STO, which decreases
rapidly with electric field,16 could amplify this change in
confinement. According to Poisson’s equation, small �large�
� generally gives rise to a deep �shallow� confinement poten-
tial. Thus, a large change in confinement could, in principle,
be induced by modulating ��E� with a small electrostatic
field. Of particular interest is the intriguing possibility of
manipulating the spatial proximity of carriers with respect to
an interface, where scattering is enhanced. Such an effect
could enable scattering to be electrostatically controlled, pro-
viding another degree of tunability for Q2DEG’s in STO.

To explore this possibility, we present low-temperature
magnetotransport measurements of Ar-irradiated STO under
an applied electrostatic field. Ar irradiation creates a thin
layer of oxygen vacancies near the irradiated surface, result-

ing in a Q2DEG. We find that the mobility �, or carrier
relaxation time ���, can be modulated by a factor of �50
through a modest applied electric field ��4�105 V /m�.
Magnetoresistance �MR� measurements, which provide in-
sight on the observed modulation of �, show that a crossover
from classical to weakly localized quantum transport is in-
duced as carriers are confined close to the interface. The
nonlinear ��E� enhances the confinement by a factor of 2, as
shown through numerical solutions to the Poisson and
Schrödinger equations. These results elucidate the combined
effects of an electrostatic field and the nonlinear ��E� on the
confinement of and scattering within Q2DEG’s.

II. EXPERIMENTAL PROCEDURE

A schematic of our Ar-irradiated devices is shown in Fig.
1�a�. The 80�40 �m2 Hall bar is defined using standard
photolithography on a 0.5-mm-thick substrate. The device
becomes conducting after irradiation with 1 keV Ar ions at a
rate of �3.7�1012 cm−2 s−1 for 90 min. Figure 1�b� shows a
low-angle annular dark field image �LAADF� of our device,
obtained through cross-sectional scanning transmission elec-
tron microscopy �STEM�. An abrupt interface of �1 unit cell
roughness separates a �5-nm-thick, amorphous layer
�circle�, from a �5-nm-thick, crystalline layer of oxygen-
deficient STO �triangle�.17 Although, the majority of dopant
vacancies are limited to this �5 nm oxygen-deficient re-
gion, we will show that the carriers can be electrostatically
pulled �270 nm into the undoped crystal �square�. The
sheet resistance of the amorphous layer exceeds �109 � at
T=2 K, thus the conduction occurs in the crystalline
regions.18 Ohmic contacts are formed by wire bonding Al
wires directly to the STO, which penetrates the amorphous
layer. The gate contact is made by depositing Au on the
backside of the device. At 2 K, VG is first ramped between
�210 V to reduce charge trapping in the STO and minimize
hysteresis in the gating. Gate leakage currents are 	1 nA
for all VG. Representative data from one of the devices are
shown in the figures below.
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III. RESULTS AND DISCUSSION

Hall and sheet resistance �Rs� measurements reveal the
modulation in �. Figure 1�d� indicates that Rs �triangles� can
be modulated by over two orders of magnitude between
−190
VG
210 V. For positive �negative� VG, Rs decreases
�increases�, consistent with the addition �removal� of n-type
carriers to �from� the channel of the device according to the
relation Rs= �nse��−1, where e is the electron charge. Hall
measurements at each VG directly determined �ns, which is
related to the Hall coefficient through �RH= �−�nse�−1. We
find that ns can be tuned by a factor of �3 from �8 to
�27�1012 cm−2 for −190
VG
210 V as shown in Fig.
1�c�. This rather modest �ns cannot account for �Rs, thus VG
also modulates �, as shown in Fig. 1�d� �circles�.19 For the
representative device shown, � could be modulated by a fac-
tor of �50 from �80 to �4100 cm2 /V s.

MR measurements provide insight on the modulation of
�. The MR, defined as �Rs�H� /Rs�0�, where �Rs�H�
=Rs�H�−Rs�0�, is shown in Fig. 2 as a function of magnetic
field B=�0H applied out of the plane of the device for vari-
ous VG. Positive MR is observed in the high-� regime asso-
ciated with VG�0. In contrast, negative MR is observed in
the low-� regime associated with VG0.

Classical transport characterized by a scaling of the MR is
observed in the high-� data shown in Fig. 3�a�. We show this

scaling by plotting the MR data against ��B in Fig. 3�b�.
The data at each VG collapse virtually onto a common curve
indicating that Kohler’s rule is obeyed, i.e., the MR is a
function of B�, �Rs�B� /Rs�0�=F�B��.20 At weak fields, the
MR exhibits classical B2 dependence, described by F
=A��B�2=A��c��2, where �c is the cyclotron frequency and
A�0.37, as determined by the fit in Fig. 3�b� �gray dotted�.21

The scaling of the MR with VG can be correlated with a
change in carrier confinement. In the high-� regime, the con-
finement can be estimated by examining the MR for mag-
netic fields applied parallel to the current between source and
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FIG. 1. �Color online� Characterization of Ar-irradiated STO
devices. �a� Schematic of device. �b� LAADF STEM image of de-
vice with amorphous �circle� and crystalline-doped �triangle� and
undoped �square� regions indicated. �c� Sheet carrier density versus
VG. �d� Sheet resistance �mobility� versus VG shown as triangles
�circles�. �e� Illustration of potential confining carriers �e−, gray
shaded� with VG�0 �VG	0� case shown as dotted �dashed� curve.
For VG�0�VG	0� Eloc is small �large� thus ��E� is large �small�.
The difference in ��E� between the VG�0 and VG	0 cases gives
rise to a large change in confinement and scattering.
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FIG. 2. �Color online� Electrostatic modulation of the MR of
Ar-irradiated SrTiO3 at T=2 K. A crossover from classical to
weakly localized quantum transport is observed going from high- to
low-� regimes.
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FIG. 3. �Color online� High-� regime MR of Ar-irradiated
SrTiO3 at T=2 K. �a� Evolution of MR with VG. �b� Kohler plot of
MR with weak field ���c��2 fit �gray dotted� indicating classical
behavior. �c� In-plane MR. Red arrow indicates onset of negative
MR for VG=+50 V indicating reduction in boundary scattering. �d�
Cross-sectional illustration of a thin conducting plate of thickness d.
Orbital radius R1� �d /2� �R2	 �d /2��.

NGAI et al. PHYSICAL REVIEW B 81, 241307�R� �2010�

RAPID COMMUNICATIONS

241307-2



drain �IDS� in the plane of the device, as shown in the inset of
Fig. 3�c�. In this geometry, the Lorentz force associated with
B does not scatter the component of carrier momentum par-
allel to IDS. We observe negative MR that develops beyond a
threshold field B�, which varies with VG. For example, B�

�5.5 T for the VG=+50 V curve �red�, as shown by the red
arrow in Fig. 3�c�. In high-�, nonmagnetic systems, negative
in-plane MR can arise from a reduction in the scattering of
charge carriers at the sample boundaries.22 The dependence
of B� on VG is understood if we consider the channel as a
plate of thickness d, as shown in Fig. 3�d�. The charge car-
riers follow helical paths of radii R�B−1 induced by the
Lorentz force of the in-plane field. A reduction in boundary
scattering occurs for carriers of orbital radii R
d /2. Thus, d
in the high-� regime can be estimated by relating B� to the
classical cyclotron radius,23

d � 2� 3�2ns�
3

2e3�B��3�1/4

. �1�

From Eq. �1� we find that d increases from �90 nm at VG
=+50 V to �270 nm at VG=+210 V. Our interpretation of
B� rests on the premise of quasiballistic transport, i.e., d� l,
the mean-free path. We calculate l and find d�2l��4l� for
VG=+50 V�+210 V�, which confirms our analysis is self-
consistent.

This change in confinement induced by VG can be under-
stood if we consider the carrier potential as a function of
depth z near the interface, illustrated in Fig. 1�e�. The carriers
occupy states in the conduction band of STO, which bends at
the interface due to the built-in potential associated with oxy-
gen vacancies �black solid curve�. VG directly modifies the
bending of the conduction band due to the continuity of the
band between the Q2DEG and the insulating crystal. For
VG�0�VG	0�, the local electric field Eloc arising from the
built-in potential is weakened �augmented� near the inter-
face, resulting in decreased �increased� confinement, as illus-
trated by the dotted �dashed� curve. The nonlinear ��E� am-
plifies the effect of VG in modulating Eloc. For VG�0�VG
	0�, Eloc near the interface is small �large�, thus � is large
�small�. Large �small� � further decreases �increases� the con-
finement. Thus, for VG�0�VG	0�, carriers are pulled away
from �confined near� ionized dopants and the interface, giv-
ing rise to significant changes in scattering.

The effects of increased scattering due to enhanced con-
finement are seen in the MR for VG	0. The Kohler plot of
Fig. 4�a� shows the emergence of negative MR and deviation
from Kohler’s rule. The latter, denoting a departure from
classical behavior, is tied to the origin of the former, which
can be understood in terms of the elastic �e and inelastic �i
relaxation times that comprise �. As confinement increases,
enhanced elastic scattering at the interface dramatically de-
creases �e relative to �i, the latter being largely temperature
dependent. In the limit where �e�i, carriers can be coher-
ently backscattered. Weak localization occurs as time-
reversed pairs of backscattered carriers constructively
interfere.25 This constructive interference is suppressed by
�0H, which introduces phase shifts of opposite sign to time-
reversed pairs, resulting in negative MR. We fit the VG=
−190 V data to two-dimensional weak localization formal-

ism in Fig. 4�b�, specifically Eq. �5� in Bishop et al.24 The
parameter le�li� is the elastic �inelastic� scattering length de-
fined as le=vF�e�li=vF�i�, where vF is the Fermi velocity.
The excellent fit indicates that the confinement, or thickness
of the Q2DEG, is approaching the phase coherence length
L�=�0.5leli�10 nm.

To gain insight on how the nonlinear ��E� enhances the
confinement for VG	0, we self-consistently solve the Pois-
son and Schrödinger equations for the carrier density ��z�.
We model our device as a 300-nm-thick slab where
z=0�−300 nm� represents the crystalline/amorphous inter-
face �backside� of the device. ��z� is obtained from ��z�
= m�

��2 	i�EF−Ei�
�i�z�
2, where the subband energies Ei and
�i�z� are found by numerically diagonalizing the Schrödinger
equation. EF is determined by filling occupied subbands i
until ns is reached. In our calculations, �ns arising from the
capacitive effect of STO is taken into account by using ns
values obtained by Hall measurements. An effective mass of
m�=4me is used, where me is the bare electron mass.26 The
carrier potential V is found by iteratively solving the Poisson
�2V=−� f�z� /��E� and Schrödinger equations. � f�z� is com-
prised of ��z� as well as oxygen vacancies represented by a
positive dopant profile �dop�z��exp� z

� � for z	0, as shown in
Fig. 5�b� �bold�. � is set to 5 nm, as determined from the
oxygen-deficient region shown in Fig. 1�b� �triangle�. To
model the effect of VG on V, a sheet charge density NG is
placed at the backside of the slab. NG is related to VG through
NG=�VG

0 C�V�dV, where C�V� is the measured capacitance of
our device. We find that for VG=−210 V, NG�2.2
�1013 cm−2. In order to maintain charge neutrality, �dop�z�
is enhanced for VG=−210 V, as shown in Fig. 5�b� �dashed�.
This enhancement of �dop�z� can be associated with charge
trapping sites that become ionized with VG. Finally, the non-
linear dielectric response is captured via ��E�z��=1
+ ��0

−1�� P /�E, where P is related to E�z� through the
Landau-Ginzburg-Devonshire free energy.16

��z� is shown in Fig. 5�a� for the VG=0 �solid� and
−210 V �bold� cases calculated with the nonlinear ��E�. To
elucidate the effect of ��E� on confinement, Fig. 5�a� shows
��z� for VG=0 �dotted� and −210 V �dashed� calculated us-
ing a constant �=24 000�0. In comparing ��z�’s between the
constant � and ��E� cases, an enhancement in confinement by
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FIG. 4. �Color online� Low-� regime MR of Ar-irradiated
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a factor �2 is clearly seen for VG=−210 V. Thus we con-
clude that the nonlinear dielectric response of STO is essen-
tial to achieve 2D weak localization, i.e., confinement that
approaches L�. The spatial dependence of ��E� for the VG
=0 �solid� and VG=−210 V �dotted� cases are shown in Fig.
5�b�. The variation in Eloc with VG, which induces the change

in ��E�, is shown in Fig. 5�c�. The decrease in Eloc indicates
the crossover from weakly localized to positive MR in our
devices is not consistent with a Rashba effect.27

We have demonstrated that the effect of a relatively mod-
est field of �4�105 V /m can be amplified by a nonlinear
dielectric response to sweep carriers between low-� interface
and high-� bulk regions. Q2DEG’s could thus be utilized in
so-called velocity modulated transistors, where changes in �
determine channel conductance.28 The change in scattering
enhanced by ��E� likely contributes to the electrostatic
modulation of superconductivity at the LAO/STO interface,
as suggested by recent experiments.10

IV. SUMMARY

In summary, we have electrostatically controlled elastic
scattering in electron doped STO to induce a crossover from
classical to weakly localized quantum transport. This effect,
made possible by the nonlinear dielectric response of STO,
provides another degree of tunability for electron gases in
STO.
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