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Electron doped SrTiO3, a complex-oxide semiconductor, possesses novel electronic properties due

to its strong temperature and electric-field dependent permittivity. Due to the high permittivity,

metal/n-SrTiO3 systems show reasonably strong rectification even when SrTiO3 is degenerately

doped. Our experiments show that the insertion of a sub nanometer layer of AlOx in between the

metal and n-SrTiO3 interface leads to a dramatic reduction of the Schottky barrier height (from

around 0.90 V to 0.25 V). This reduces the interface resistivity by 4 orders of magnitude. The

derived electrostatic analysis of the metal-insulator-semiconductor (n-SrTiO3) system is consistent

with this trend. When compared with a Si based MIS system, the change is much larger and mainly

governed by the high permittivity of SrTiO3. The non-linear permittivity of n-SrTiO3 leads to

unconventional properties such as a temperature dependent surface potential non-existent for

semiconductors with linear permittivity such as Si. This allows tuning of the interfacial band

alignment, and consequently the Schottky barrier height, in a much more drastic way than in

conventional semiconductors. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936959]

I. INTRODUCTION

There is a wide interest in devices which utilize an ultra-

thin insulating layer between rectifying metal/semiconductor

(MS) contacts, for instance, to reduce contact resistance in

semiconducting devices or to allow spin injection in the semi-

conductor.1–4 For SrTiO3, there is additional interest, since

metal/n-SrTiO3 contacts often behave as a metal/insulator/

semiconductor (MIS) due to the presence of an electronic

dead layer.5–7 Furthermore, a gated two-dimensional electron

gas (2DEG) at oxide/SrTiO3 interfaces, with LaAlO3 or

c-Al2O3 oxides, comprises a MIS system.8,9 Earlier it was

reported that the dielectric permittivity of SrTiO3 depends

both on electric field (E) and on temperature (T).10,11 This

makes the analysis and modeling of the SrTiO3-based M(I)S-

system less straightforward compared with its linear dielec-

tric counterparts such as Si.

Here, we derive an electrostatic model which describes

the potential landscape at the interface as a function of gate

action, temperature, and interfacial insulator thickness for

the MI/n-SrTiO3 system. The surface potential in an MI/

n-SrTiO3 system is shown to have a more complex depend-

ence on the gate bias compared with conventional semicon-

ductors with a constant permittivity. In an earlier work, a

reduction of the Schottky Barrier Height (SBH) by the inser-

tion of a thick polar insulator has been reported while still

exhibiting high resistive rectifying contacts.12 Recently, a

large reduction of the contact resistance was achieved by

inserting a sub-nanometer thick insulating layer where the

reduction in SBH is ascribed to the polar nature of the insula-

tor.13 In this work, we realize low resistive, tunneling

contacts, by the insertion of an ultra-thin non-polar insulator

(AlOx). This reduction is driven by the large value of

SrTiO3’s permittivity (es). The analysis of the temperature

dependent Current-Voltage (I-V) measurements of our Co/

AlOx/n-SrTiO3 diodes verifies the strong SBH reduction.

The reduction is much larger than for conventional semicon-

ductors and occurs even in the absence of Fermi level pin-

ning. The non-linear nature of es also leads to other

surprising features such as a temperature dependent SBH not

present for metal/n-SrTiO3 or conventional MIS systems.

These results are important for understanding the electro-

statics in gated oxide/SrTiO3 2DEGs and spin injection

experiments in Nb-doped SrTiO3 and for designing novel

electronics using such an M/I/n(p)-SrTiO3 structure.

II. ELECTROSTATIC MODEL

In our analysis, we assume the following in the M(I)S

system: (1) there are only ideal interfaces: no gap states,

traps, or fixed charge14,15 and (2) the system is in low injec-

tion operation (low forward and reverse bias, thus ignoring

hole charge). For convenience sake, we use x¼ 0 as the

depletion edge and x¼W (W is the depletion width) refers to

the M(I)S interface, see also Fig. 1.

First, we focus on the Schottky diode (or MS system) as

described by Gauss’s law16

@E

@x
¼ q ND

es

; (1)

where x is the distance, q is the elementary charge, and ND is

the constant donor (Nb) concentration.a)Electronic mail: a.m.kamerbeek@rug.nl
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The dielectric permittivity of SrTiO3 is expressed as10,11

es T;Eð Þ ¼ b Tð Þ e0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a Tð Þ þ E2

p ; (2)

with T being the temperature and e0¼ 8.85� 10�14 F/cm and

fit parameters b(T)¼ 1.37� 107þ 4.29� 107 T
100

� �
V=cm and

aðTÞ ¼ ½bðTÞ=esðT; 0Þ�2 V2=cm2, with

es T; 0ð Þ ¼ 1635 e0

coth
44:1

T

� �
� 0:937

; (3)

following Barrett’s formula.17

After solving Eq. (1) using the boundary condition

E(0)¼ 0, we obtain11

E T; xð Þ ¼
ffiffiffiffiffiffiffiffiffi
a Tð Þ

p
sinh

qNDx

b Tð Þ e0

� �
: (4)

From Eq. (4), we can write the potential as wðxÞ ¼ �
Ð

EðxÞdx.

Hence, with the boundary conditions w(0)¼ 0 and w(W)¼ws,

we obtain

w T; xð Þ ¼ b Tð Þ e0

q ND

ffiffiffiffiffiffiffiffiffi
a Tð Þ

p
1� cosh

qNDx

b Tð Þ e0

� �� �
: (5)

From Eq. (5), we can derive a relation for the depletion width

W T;wsð Þ ¼ b Tð Þ e0

q ND

arccosh 1� ws

qND

b Tð Þ e0

ffiffiffiffiffiffiffiffiffi
a Tð Þ

p
 !

; (6)

with ws¼w(T, x¼W) being the surface potential. In the case

of a MS system, ws is independent of T.

The applied voltage can be expressed as

VAC ¼ ws þ VFB ¼ ws þ
/m � /s

q
; (7)

with VFB being the flat band voltage formed by the difference

in the workfunction of the metal (/m ¼ 5 eV) and semicon-

ductor (/s ¼ 4:1 eV), respectively. Also,

/B ¼ �ws �
EF � Ec

q
¼ �VAC þ VFB �

EF � Ec

q
; (8)

with EF being the Fermi level and Ec being the conduction

band edge in the neutral semiconductor region. Therefore,

the surface potential is a direct measure of /B, see Fig. 1.

The electrostatics in a MIS system is given by16

QdepðT;wsÞ ¼ �Cins ðVAC � ws � VFBÞ; (9)

hence, the depletion charge depends on the voltage drop

across the insulator layer times its areal capacitance

Cins¼ eins/tins, where eins and tins are the permittivity and

thickness of the insulator, respectively. The depletion charge

is defined by Qdep ¼ q ND WðTÞ ¼
Ð Emax

0
esðT;EÞ dE. This

gives the following relation between applied bias and surface

potential:

VAC ¼ ws þ VFB �
b Tð Þ e0

Cins

arccosh 1� qNDffiffiffiffiffiffiffiffiffi
a Tð Þ

p
b Tð Þ e0

ws

 !
:

(10)

Although Eq. (10) cannot be solved in a closed form to

determine ws, it is possible to plot it versus VAC. In Fig. 2,

the change of ws (VAC) is plotted while varying tins, ND, and

T separately. The values are tins¼ 7 Å, T¼ 300 K, ND¼ 2

� 1019 cm�3, and VFB¼ 0.9 V when they are kept constant.

In Fig. 2(a), tins is varied and shows a strong reduction of ws

FIG. 1. Schematic band diagram for a M(I)S contact at an applied bias. The

difference in the metal workfunction /m and the electron affinity v in the

semiconductor (e.g., SrTiO3) gives rise to a potential barrier of height /B as

well as a potential drop wins over the insulator. The ultra-thin (sub-nm) insu-

lator thickness contributes to a dramatic lowering of /B yielding field

emission.

FIG. 2. The dependence of the surface potential ws against the applied bias

VAC using Eq. (10) for the SrTiO3-based MIS system as function of (a) insu-

lator thickness (0, 4, 7, 11, and 20 Å), the dashed lines represent the change

for n-Si MIS with all parameters the same except es¼ 11.9 e0, (b) tempera-

ture (300, 200, 100 to 4 K), and (c) doping density (ND¼ 1018, 5� 1018,

1019, 2.5� 1019 to 5� 1019 cm�3). In (d), the conduction band potential

energy is shown for tins¼ 0, 7, and 11 Å for the black, red, and blue lines,

respectively.
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with increasing tins. For comparison, the change for an Si

MIS (es¼ 11.9) is also shown (dashed lines). A much larger

reduction of the SBH (>0.7 V) is observed at zero bias com-

pared with the Si MIS (�0.3 V). Since the tins values are rela-

tively small, a much higher field emission (FE) current can

be realized than in the case of an Si MIS system. The large

reduction in the slope of ws shows that the inclusion of a

very thin insulator strongly reduces the gate action, as most

of the applied voltage is absorbed by the low permittivity in-

sulator. Hence, relatively large voltages are needed to modu-

late the n-SrTiO3 conduction bands when a low permittivity

(compared with eSTO) gate insulator is used. Note that the

observed trend for the SrTiO3 MIS would be very similar to

any semiconductor having a constant permittivity of es� 277

(not shown). Hence, at T¼ 300 K, the built-in electric field is

not high enough to cause significant non-linearity of es.

When decreasing the temperature, the non-linear nature

does have a strong effect, as shown in Fig. 2(b). A reduction

of ws at zero bias is observed indicating that the SBH is tem-

perature dependent. Second, the slope is strongly determined

by the temperature especially below �50 K. In this tempera-

ture regime, the built-in field in the SrTiO3 has a pronounced

effect on the es. This results in a sharper response of ws at a

negative VAC, which increases the built-in electric field and

hence reduces es, causing a larger voltage drop in the semi-

conductor. The opposite happens for a positive bias resulting

in a slow change. Note that this does not occur in a linear

dielectric MIS (irrespective the value of es). In Fig. 2(c), ND

is varied and shows that ws is very sensitive to the doping

density. At zero bias, a reduction larger than 0.7 V is realized

at 5� 1019 cm�3, while for Si it is around 0.3 V (not shown).

In Fig. 2(d), the potential energy of the semiconductor

surface region is given for tins¼ 0, 7, and 11 Å at 300 K and

ND¼ 2� 1019 cm�3. A significant reduction of both the SBH

(VAC¼ 0 V) and depletion width are observed. Since the

reduction of current flow due to the thin AlOx tunnel barrier

is low, a significant increase in the forward and reverse cur-

rent is expected. Also note that the reduction of the barrier

width and height suggests a strong increase of direct tunnel-

ing current compared with the Thermionic FE (TFE) for the

Schottky device. Note that in the case of an interfacial layer,

the flat band voltage (VFB) could be affected by extrinsic

charge, for which the most important ones are fixed (oxide)

charge (QF) and interface trapped charge (Qit) that depends

on ws (Ref. 14): VFB ¼ ð/m � /sÞ=q� QF=Cins � Cit

�ws=Cins. Hence, a positive QF yields a drop in the SBH in-

dependent of the bias, while Qit will induce a change in the

SBH depending on the bias and the type of traps. In the case

of acceptor-like traps, it will reduce the slope of the curves

in Figs. 2(a)–2(c) and the SBH.

III. EXPERIMENT

To confirm the barrier lowering with increasing insula-

tor thickness, we fabricated Co(20 nm)/AlOx(tÅ)/n-SrTiO3

diodes with insulator thicknesses t of 0, 7, and 11 Å. We use

the I-V measurements which were discussed qualitatively in

Ref. 18 to extract quantitative values for the barrier lowering.

The high quality of the diodes is expressed by the low value

of the ideality factor n� 1.3 at room temperature for the Co/

n-SrTiO3 Schottky diode.6

For the Co/n-SrTiO3 diode, we use the following rela-

tion to extract the Schottky barrier height at zero bias /B0

/B0 ¼
/BF

n
þ n� 1

n

� �
n; (11)

where /B0 and the ideality factor n, obtained from thermionic-

emission fits of the temperature dependent I-V’s,18 are related

to a more fundamental barrier height /BF at flat band condition

and the electron degeneracy of the semiconductor n.19 In Fig.

3(a), we plot 1/n versus /B0 and fit the data with Eq. (11). We

find /BF ¼ 0:960:03 V and n¼�32 6 0.01 meV, which

agree very well with the expected flat band voltage of 0.9 V

and semiconductor degeneracy between �20 and �50 meV,

where n is estimated using a parabolic band approximation.

Note that a negative value of n indicates a degenerate semicon-

ductor. A conventional fit of the I-V at room temperature using

the thermionic-emission model results in /B0 of 0.63 V indi-

cating a large underestimation of /B.

In the MIS diodes, a much larger contribution arises

from electron tunneling through the barrier. To estimate the

SBHs, a Richardson plot is made as shown in Fig. 3(b), using

a Richardson constant A* of 156 cm�2 K�2 and an effective

mass m*¼ 1.3 m0.20 The saturation current IS is extracted

from the temperature dependent I-V’s using I¼ IS exp(qVAC/

nkT). The plot is fitted using the expressions for IS in the TFE

(tins¼ 7 Å) and FE regime (tins¼ 11 Å) (solid black lines).21

To account for the reduction in I due to the tunnel barrier, we

multiply the expressions for IS with expð�ad/1=2
T Þ where

a ¼ 2ð2m�Þ1=2=�h, d is the barrier width (in Å), and /T is the

(effective) barrier height and set to 1.5 V. We obtain the val-

ues for the fit parameters E00, /B, and n which relate to the

transport via tunneling versus thermal emission, the effective

SBH, and the semiconductor degeneracy, respectively. The

barrier height extracted using this method is the electrical

equivalent of the MS junction; hence, it could deviate at least

FIG. 3. (a) Plot of 1/n against /B0 (black triangles) fitted with Eq. (11)

(black line). A flat band barrier height /BF of 0.9 6 0.03 V is obtained. (b)

Richardson plot extracted from the temperature dependent I-V measure-

ments for the diodes with tins¼ 7 Å (red triangles) and 11 Å (blue diamonds).

A good fit is obtained using the TFE model for the first, while the latter can

only be fitted by a FE model (black lines). The obtained Schottky barrier

heights /B are 0.45 6 0.1 and 0.15 6 0.1 V, respectively.
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partly from the actual SBH inside the semiconductor and is

referred to as the effective SBH. The relative change of the

effective barrier is well reflected by such an analysis.22,23

Transport occurs via TFE when kT�E00 and FE when

E00 � kT. The change from thermally assisted to direct tun-

neling transport is well expressed by the large increase of E00

from 37 meV to 350 meV. For n, we find �36 and �60 meV,

which are close to the estimated values. For /B, we find

0.45 6 0.1 V and 0.15 6 0.1 V. Although a Richardson plot

for the Co/n-SrTiO3 diode was made, a good fit with either

the TFE or FE expression could not be obtained. In the first

instance, this might be surprising but the large reduction in

the semiconductor ws for the MIS diodes reduces the influ-

ence of the non-linear es on the charge transport leading to

better fits for the MIS diodes. Note that the expressions for IS

do not include the change in barrier shape due to the non-

linear es. Therefore, the extracted values serve to establish the

relative trend in decreasing surface potential, hence /B,

rather than to give an absolute comparison with the electro-

static calculations.

In Fig. 4, we plot the obtained values for the SBH at

VAC¼ 0 V with increasing tins for the n-SrTiO3 MIS diodes

at room temperature as obtained from the electrostatic model

(blue diamonds). The model shows relatively good agree-

ment with the extracted values of the SBHs (red circles). For

comparison, the trend for an n-Si MIS diode is shown as

well. Although studies show that a sizable reduction of the

contact resistance can be achieved for n-Si MIS systems, this

is attributed to the reduction of interface induced gap

states.24 For the SrTiO3 MIS system, the model indicates

that the reduction can be fully attributed to the relative per-

mittivity of SrTiO3. Unlike conventional semiconductors, it

is thus possible to realize a large reduction in the SBH

for metals with large workfunctions even when Fermi level

pinning is absent.

Finally, we discuss the relative effects of barrier lower-

ing expected from the image force relative to the electro-

static screening in the metal. First, the image force effect

causes a barrier lowering D/ / ðND=e3
s Þ

1=4
; hence, this

effect is small for large es. The barrier lowering due to elec-

trostatic screening originates from a lowering of the metal

workfunction due to the finite screening length of the charge

sheet Qm¼Qdep¼ qNDW(T) at the metal interface. In this

case, D/ / ðND esÞ1=2
and is thus expected to be relatively

large for the n-SrTiO3 diodes.25,26 Note that the charge den-

sity in the metal Qm is much larger compared with that in

conventional semiconductor M(I)S systems.

As can be inferred from Fig. 2, both ws and es are

strongly modulated by varying tins and VAC. Therefore, both

the insertion of a thin insulator and biasing the junction

allow a large manipulation of Qm. This could be useful for

realizing surface magneto-electric effects when the metal is

a ferromagnet which is of particular interest for realizing

spintronic devices.27

IV. CONCLUSIONS

In this work, we show that despite its degeneracy rectifi-

cation is possible in the SrTiO3-based Schottky contact con-

firming the experimental data. In addition, in the MIS system,

the SBH is strongly reduced by the insulator layer compared

with that of silicon. We show that this leads to a higher cur-

rent (via tunneling) compared with a pure Schottky contact as

confirmed by experiments. The dependence of the surface

potential and depletion width is shown to exhibit strong tem-

perature and doping density dependence unlike conventional

semiconductors with constant permittivity. The understand-

ing of these influences on the electrostatic potential is impor-

tant for designing M/I/n(p)-SrTiO3 interfaces/devices.

Finally, we would like to note that to obtain a complete I-V
model, the incorporation of a tunneling model and high injec-

tion effects is required.
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