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Coupling of switchable ferroelectric polarization with the carrier transport in an adjacent semiconductor

enables a robust, non-volatile manipulation of the conductance in a host of low-dimensional systems,

including the two-dimensional electron liquid that forms at the LaAlO3 (LAO)-SrTiO3 (STO) interface.

However, strength of the gate-channel coupling is relatively weak, limited in part by the electrostatic

potential difference across a ferroelectric gate. Here, through application of phenomenological Landau-

Ginzburg-Devonshire theory and self-consistent Poisson-Schr€odinger model calculations, we show how

compositional grading of PbZr1�xTixO3 ferroelectric gates enables a more than twenty-five-fold

increase in the LAO/STO channel conductance on/off ratios. Incorporation of polarization gradients

in ferroelectric gates can enable breakthrough performance of ferroelectric non-volatile memories.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4933095]

The ferroelectric field-effect transistor (FET) is promising

for non-volatile memory elements and other functionalities asso-

ciated with incorporation of switchable polarization.1–3 Large

figures of merit, i.e., ratios of drain and source currents or

of resistances in the on and off states, have been reported in

ferroelectrically gated two- or one-dimensional channels, e.g.,

Pb(Zr,Ti)O3 with MoS2,
4 graphene,5 carbon nanotubes,6 and

ZnO nanowires.7 The effect has also been demonstrated using

organic ferroelectric polyvinylidene fluoride (PVDF) on various

channels,8,9 LiNbO3 with MoS2,
3 BaTiO3 with carbon nano-

tubes,10 and the relaxor ferroelectric Pb(Mn,Nb)O3-PbTiO3

(PMN-PT) with graphene.11 Compared with ferroelectric

random access memories, ferroelectric field-effect memories

are more scalable and consume less power since there is no

requirement for charge amplification and transistor-capacitor

architecture.12

The discovery13 of a two dimensional electron liquid

(2DEL) at the interface of LaAlO3 (LAO) and SrTiO3 (STO)

has been followed by observation of remarkable properties at

this interface.14–17 The similar interfacial conductivities in other

STO-based oxide heterostructures18–20 have stimulated the de-

velopment of prototype FETs.21,22 However, the poor interface

between oxides and common metal electrodes can deteriorate

device properties.23,24 While local surface control of 2DEL

enables nanoscale reconfigurable electronics, these devices

retain their written state only on the timescale of hours.25,26

Recently, ferroelectric polarization in a Pb(Zr0.2Ti0.8)O3

(PZT) gate2,27 on LAO/STO has been shown to be an iso-

structural all-oxide route for non-volatile manipulation of the

near-surface 2DEL. Orientation of the out-of-plane polariza-

tion P3 in the PZT layer was found to couple directly to the

Sr 3d core level and to depletion and accumulation of the

electrons at the interface.2 Therefore, the field-effect is

largely dependent on the ferroelectric properties of the film,

particularly the size of the potential drop across the film

VPZT, which is nearly zero in cases of almost complete

screening of polarization charge.

Introduction of gradients in the composition and/or strain

in ferroelectric thin films, producing gradients in ferroelectric

polarization and in electrostatic potential, can be highly effec-

tive in achieving significant improvements in the dielectric,

pyroelectric, and piezoelectric properties28–32 with device

implications,33 where the graded PZT films have been grown

by pulsed laser deposition (PLD),31,32 sputtering,34 and

metalorganic chemical vapor deposition (MOCVD).35 Here

we show, using calculations coupling Landau-Ginzburg-

Devonshire (LGD) theory in PbZr1�xTixO3 with self-consistent

Poisson-Schr€odinger (PS) models in adjacent LAO-STO chan-

nel, how design and incorporation of a polarization gradient

across the film thickness enables an increase in the gating ratio

of more than 2500% compared with the gradient-free case for

the same film thickness.

We consider a PZT ferroelectric gate on an LAO/STO

2DEL. We incorporate the ferroelectric properties of the

PZT gate by VPZT within the PS model to study its effect on

the spatially modulated volume electron density ne at and

near the LAO/STO interface, and then calculate the conduc-

tivity r. VPZT is induced by the spatial variation of P3 as

determined in the LGD model. The ferroelectric free

energy Gtot ¼
Ð L

0
ðgbulk þ ggrad þ gdep þ gf lexoÞ dx3, where

gbulk, ggrad, gdep, and gflexo are the bulk, gradient, depolariza-

tion, and flexoelectric energy densities, and L is the PZT film

thickness. Minimizing Gtot yields the P3 master equation

(see supplementary material36). Since the PS solution (see

supplementary material36) accounts for overlapping of the

electrostatic potential build-up in LAO and band bending in

STO, incorporation of the PZT ferroelectricity is introduced

through its electrostatic (field-effect) doping on the system.a)Email: spanier@drexel.edu
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In our model, the overlapping between the LAO valence

band maximum (VBM) and the STO conduction band mini-

mum (CBM) is decreased (increased) when PZT is polarized

up (down), and in both cases, the modulation magnitude is

equal to VPZT.

The self-consistent PS method has been employed to

model the III-V,37 III-N,38 and STO-based heterostruc-

tures.39,40 But understanding the discrepancy in electron

sheet density nss between experiment and theory, and nss de-

pendence on temperature T remains lacking. Incorporating

an orbital-resolved effective electron mass me and T, we find

quantitative agreement of nss with experiment and theory

and reveal its independence with T. For a 10 unit cell (u.c.)

LAO on STO at T¼ 4.2 K (Fig. 1(a)), we find a 1.67 eV over-

lap between the LAO VBM and the STO CBM compared

with an intrinsic 6.8 eV potential build-up in LAO. The

potential drop indicates the electron transfer from the LAO

surface to the interface, forming a sheet of electrons

nss¼ 1.81� 1014 cm�2 and leaving an identical number of

holes in LAO to maintain charge neutrality. As a result, the

electric field F becomes positive in a portion of the LAO

(Fig. 1(b)), making the LAO potential increase or decrease

depending on the polarity of F rather than linearly rise when

F is non-positive before the electron transfer. The transferred

electrons form an 80 meV band bending in STO (Fig. 1(c))

where the Fermi level EF is at �1 meV. There are 1 hole and

4 electron subbands populated above and under EF, respec-

tively, and their wave extensions are longer than the Fermi

wavelength. The electrons are distributed within 3.5 nm

where ne decays to 1% of its peak value in STO.

Consequently, F rapidly decreases to zero from the interface,

as does its modulation on the permittivity er (inset).

Electron localization is ascribed to a heavy dxz-orbital

me¼ 14m0
41 at low T. Calculations with different me and T

were conducted to determine the effect of each. In Fig. 2(a),

using identical me, the band bending increases for tempera-

tures up to T¼ 65 K above which er becomes independent of

F42 and as a result, the integrated F and band bendings in the

Poisson equation become lower. Above T¼ 65 K, the band

bending again increases, to 260 meV at 300 K, to counteract

the thermal activation of the electrons. However, nss remains

�1.83� 1014 cm�2 and the electrons are still confined within

several nanometers in all T. Next, the band bending with dif-

ferent me at T¼ 300 K are calculated (Fig. 2(b)). An orbital-

resolved me is employed at the heavy and light me regions,43

respectively. First, we assign me to a dyz-orbital 0.7m0
41 and

FIG. 1. (a) Band profile of a 10 u.c. LAO on STO at T¼ 4.2 K. The blue and green dashes show the intrinsic potential in LAO. The black dashes are LAO-STO

boundary, and red dashes are Fermi level. (b) The electric field F in LAO for both cases in (a). (c) The band bending formed in STO with its subbands, the

square magnitude of the eigenwaves at the 1st and 2nd levels and ne. The inset shows F and er in STO.

FIG. 2. Band bendings of 10 u.c. LAO for (a) me¼ 14m0 and various T, and (b) T¼ 300 K and various me. We define the heavy me region from the interface to 2 nm

away and the light afterwards. The values of me in the two regions in I, II, III, IV are shown in the inset. (c) The comparison of 5, 6, and 10 u.c. LAO at me¼ 14m0

and T¼ 300 K and the LAO VBMs shown in the inset. (d) The total nss of 5, 6, and 10 u.c. LAO with me¼ 14m0 at different T. (e) nss in total and (f) nss in the light

me region at T¼ 300 K of 5–15 u.c. LAO for me in I, II, III, IV, and V in (b). These results show that the total nss approaches the theoretical value 3.3� 1014cm�2

over a wide T and me range and nss in the light me region yields quantitative agreement with experiment which is usually an order of magnitude lower.
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0.4m0
44 from 2 nm away from the interface for the light me

region. The band bending decreases to about 150 meV and

140 meV, respectively, because F, whose first derivative in

the Poisson equation has a linear dependence on me in ne, is

suppressed in the light me region and henceforth the band

bending. Then, me is changed from 14m0 to 7m0
45 from the

interface to 2 nm away in the heavy me region for both cases

and the band bending increases to about 200 meV and

178 meV, respectively, restricting the escape of electrons

due to the decrease in me. Compared with the constant me,

the slopes in the heavy me region are much steeper than the

light me in response to the sharp me contrast, but nss remains

�1.8� 1014 cm�2 in each case.

Though me and T have a profound impact on the band

bending, nss and the electron localization are preserved

because of the intrinsic potential build-up in LAO, verified

by the comparisons of 5 and 6 u.c. LAO at me¼ 14m0 and

T¼ 300 K (Fig. 2(c)). The band bending reduces with the

LAO u.c. because of less overlap of the LAO VBM with the

LAO VBM and the STO CBM shown in the inset, leading to

nss¼ 2.5� 1013 cm�2 and 7.7� 1013 cm�2. The effect of T
and me on nss is shown in Figs. 2(d) and 2(e), where nss stays

unchanged over a wide range of T and in all orbital-resolved

me cases, and nss increases from 2.5� 1013 cm�2 for 5 u.c.,

to 2.3� 1014 cm�2 for 15 u.c., approaching the theoretical

value.13 The discrepancy between the calculated and experi-

mental nss could be addressed by counting nss with orbital-

resolved me shown in Fig. 2(f). nss in the light me region

from I to IV in Fig. 2(b) increases from 6.9� 1012 cm�2 for

5 u.c. to 2.0� 1013 cm�2 for 15 u.c.46 Also, the ratio between

nss in the light me region and the total increases as the differ-

ence between heavy and light me is reduced.

Using values of me obtained from advanced experimental

spectroscopies41 and density functional theory (DFT),43–45 the

PS solution can be used to model and explain the band bend-

ing and nss over a wide range of T, yielding quantitative agree-

ment with theoretical and experiment values. Though the

heavy-me electrons occupies a large fraction in the total, their

contribution to the conductivity r is inhibited by the much

lower mobility l (supplementary material36).

Polarization profiles of PZT0.8 films with different gradi-

ent energy coefficient g33, extrapolation length d and L are

shown in Fig. 3(b). Spontaneous P3 with d¼1 is 68 lC/cm2.

For a realistic value of d (¼1.9 nm),47 P3 decreases near the

surface and interface, and maintains uniformity in the mid-

dle. The P3 profile is dependent on g33 and L. For example,

for a 50 nm-thick film, VPZT increases from 22 meV

to 67 meV when g33 changes from 3.46� 10�10 m2 J C�2 to

3.46 � 10�9 m3 J C�2 and saturates at 71 meV when

L¼ 150 nm or thicker. However, it drops to 31 meV when d
increases from 1.9 nm to 5 nm (Fig. 3(c)). Since g33 and d are

largely dependent on the as-grown property of the film, VPZT

in a single-composition film is limited by thickness and

varies extensively with growth conditions. These two short-

ages suppress the modulation effect, and we propose they

can be overcome by a compositionally graded film,31,32,48

where VPZT is dependent on the composition gradient and

increases with thickness. The P3 of a graded film whose

composition smoothly varies from PZT0.2 to PZT0.8 is shown

in Fig. 3(e). Unlike the single-composition, P3 in the middle

varies with composition, and hence, VPZT is dominated by

the potential drops in the interior through the relatively large

L/d ratio (Fig. 3(f)). VPZT increases to 192 meV and 212 meV

for a 50 nm film with different pairs of values of g33, 3–8

times larger than that for single-composition PZT0.8, and it

continues to increase, to 372 meV for L¼ 100 nm, regardless

of d. The weak dependence of VPZT on g33 and on d, com-

bined with its steady increase with L, makes the graded film

a better choice over the single composition.

The doping effect of a 50 nm-thick graded PZT layer on

a 5 u.c. LAO/STO with heavy me¼ 7m0 and light 0.7m0 at

T¼ 300 K is shown in Fig. 4(a). The modified band bandings

and the LAO VBMs in the inset are 32 meV and 1.13 eV,

respectively, for upward P3, and 112 meV and 1.44 eV,

respectively, for downward P3. Compared with the intrinsic

values (77 meV and 1.28 eV), the LAO and STO overlapping

is tuned to be 192 meV shallower and deeper to balance VPZT

in each case. nss in the heavy and light me regions are

4.1� 1013 cm�2 and 1.1� 1013 cm�2, respectively, for down-

ward P3, and 2� 1012 cm�2 and 1.2� 1012 cm�2, respec-

tively, for upward P3. The doping increment is diminished

by the increasing LAO thickness (Fig. 4(b)) where it is seen

that a thinner LAO is always desired to achieve a better dop-

ing effect. We investigate the doping effect as a function of

the graded PZT thickness on a 5 u.c. LAO: the splitting of nss

between upward and downward P3 in both the heavy and

FIG. 3. P3 profiles of a single-

composition PZT0.8 film (b) and a

graded PZT0.2 � PZT0.8 film (e) shown

in (a) and (d). The corresponding poten-

tial variations VPZT are shown in (c) and

(f) where the line types are denoted in

the legend for (b) and (e), respectively.

162901-3 Gu, Islam, and Spanier Appl. Phys. Lett. 107, 162901 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  144.118.64.216 On: Tue, 01 Mar 2016 11:09:11



light me region is enhanced with the thickness L (Fig. 4(c)).

The conductivity r¼ qlne is a summation in both the heavy

and light me region where a weighting factor ne/
P

ne is

imposed at each ne and the gating ratio, defined as the ratio

of r between P3 down and up is increasingly steeper, reach-

ing �500 for a 100 nm-graded film. Though the gating ratio

varies orders of magnitude depending on individual

experimental conditions,2,27 our calculation shows semi-

quantitative agreement with the existing experiment.27 As

long as the smooth transition in PZT composition can be

realized in thicker graded films, VPZT can be enhanced with

smoother P3 gradient and stronger field-effect on the over-

lapping between LAO and STO, and the gating ratio can be

expected.

Though the graded film provides a better field-effect

than the non-graded case, the asymmetrical VPZT requires

higher switching field, and special attention should be paid

to the strain conservation for thicker film where low Ti-ratio

PZT film has large lattice mismatching with LAO-STO.

Incorporation of ferroelectric polarization gradients in a

non-volatile gate insulator enables significantly enhanced

gate-channel coupling, manifested as a 1–2 orders of magni-

tude increase in the on/off ratio. While we demonstrate this

for PZT/LAO/STO, ferroelectric polarization gradient-

enhanced gate insulators can be introduced and coupled to

other aforementioned low-dimensional channels to produce

similarly large enhancements.
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