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We have used conductive atomic force microscopy to image the nanoscale current distribution in
SrTiO3 grown epitaxially onn1-Si by molecular beam epitaxy. Topographic and current images
were obtained simultaneously in contact mode with a bias voltage applied to the sample.
Topographic images show a flat surface with a roughness of about 0.5 nm. Current images show
small areas with local current flow on the order of pA for voltages larger than;2 V in forward bias
and larger than;4 V in reverse bias. Histograms of the magnitude of the electrical current show a
relatively narrow log-normal distribution, suggesting a common current mechanism with a Gaussian
distribution in a parameter on which the current depends exponentially. Analysis of current images
and histograms over a range of bias voltages suggests thermionic emission as the dominant current
mechanism, rather than conduction associated with localized defects such as pin-holes, threading
dislocations or grain boundaries. The analysis yields a barrier height of;0.5–0.6 eV with and a
relative dielectric constant of 5–15, which is in reasonable agreement with previous reports using a
dead layer model. ©2004 American Vacuum Society.@DOI: 10.1116/1.1768529#
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I. INTRODUCTION

SrTiO3 has been suggested by some1,2 as a candidate fo
application as a high-k dielectric gate oxide replacement fo
SiO2 in future metal-oxide-semiconductor field-effec
transistors due to its high bulk dielectric constant~«.180!3

and the possibility of epitaxial growth on Si by pulsed las
deposition,4,5 electron beam deposition,6,7 or molecular-beam
epitaxy ~MBE!.8 Recent studies of the electrical character
tics of SrTiO3 grown on Si have shown relatively low leak
age currents compared to other high-k dielectrics of similar
equivalent oxide thickness.9 However, these measuremen
were performed with standard, large area electrodes and
detailed nature of the current mechanisms remains unkno
Scaling of MOSFET gate sizes to the sub-100 nm reg
necessitates a detailed investigation of the nanoscale cu
distribution and determination of the relevant physic
mechanisms of current flow. We have used conduc
atomic force microscopy~CAFM! to image the nanoscal
current distribution in SrTiO3 grown epitaxially onn1-Si by
MBE. Investigating the current images and using a statist
analysis of histograms of the current magnitude in the c
rent images, we find that the current is dominated by ther
onic emission and not related to localized defects such
pin-holes or threading dislocations. A detailed descript
and analysis of the current distribution is presented.

II. EXPERIMENTAL PROCEDURE

The epitaxial layer structure used in these studies
grown by MBE on an1-Si substrate with a dopant conce

a!Electronic mail: ety@ece.ucsd.edu
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tration of 531018cm23. The silicon substrate was expose
to ozone for 20 min to remove the surface organics, prio
loading in the MBE chamber. The base pressure in the ch
ber was ;1 – 231029 Torr. In vacuum, the wafer was
heated to 930 °C to desorb the native SiO2 layer on the sur-
face, which resulted in a clean 23 starting silicon template.
The substrate was then cooled to;700 °C, followed by a
deposition of 1/2 monolayer~ML ! of Sr. The deposited S
reacts with silicon and forms a submonolayer silicide te
plate. This silicide template is more stable to oxygen ex
sure and prevents the formation of amorphous SiO2 at the
interface;10 thus promoting the epitaxial growth of oxides o
silicon. Following this, the wafer was cooled to 100 °C f
the deposition of 3 ML of SrO (PO2

;431028 Torr). 3 ML

SrO were deposited even at low temperatures is crystall
but relaxed because of the large mismatch~25.2%! with
silicon. Two monolayers of amorphous TiO2 were deposited
on top of the crystalline SrO stack at,100 °C in an oxygen
ambient of 331027 Torr. In vacuum, a recrystallization an
neal was performed by heating the wafer to 550 °C to ena
the formation of epitaxial SrTiO3 by a topotactic reaction
This topotactic reaction involves the diffusion of amorpho
TiO2 layers through the crystalline SrO stack resulting in t
formation of crystalline epitaxial SrTiO3 .11 Further growth
of epitaxial SrTiO3 on this two unit cell template was
achieved by repeated low temperature deposition of few
cells ~;5! of amorphous SrTiO3 ~co-deposition of Sr and T
in an oxygen partial pressure of 2 – 331027 Torr), followed
by vacuum recrystallization anneal at 550 °C. A schema
drawing of the sample structure is shown in Fig. 1.

Topographic and current images were recorded simu
20304Õ22„4…Õ2030Õ5Õ$19.00 ©2004 American Vacuum Society
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neously in contact mode in a Digital Instruments Multimo
atomic force microscope modified for CAFM
measurements,12 as shown in Fig. 1. Measurements were p
formed under ambient conditions with relative humidity
55%–65%. The current images were obtained by applyin
bias voltage to the sample and measuring the current thro
a conductive diamond-coated tipp1-doped with boron. All
current images were obtained with a pre-amp amplificat
factor of 1029 A/V.

III. RESULTS AND DISCUSSION

A. Topographic and current images

Figure 2 shows topographic and current images obtai
simultaneously for sample bias voltagesVS of 4.5 and21 V.
The topographic images reveal the surface to be quite
with a rms roughness of about 0.5 nm, measured over an

FIG. 1. Schematic diagram of the sample structure and the measure
configuration for conductive atomic force microscopy.

FIG. 2. Topographic~left! and current~right! images obtained simulta
neously in contact-mode with a sample biasVS of ~a! 4.5 V and~b! 21 V.
The gray scale ranges are 2 nm for the topographic and 0.5 nA for
current images. The current images show local irregularly shaped con
tive areas which are uncorrelated to the topography. Conductive area
observed in both reverse and forward bias.
JVST B - Microelectronics and Nanometer Structures
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of 4 mm2. The current images show highly localized, irreg
larly shaped conductive areas which are uncorrelated to
topography. Highly conductive areas are observed in b
reverse and forward bias. Imaging of the current flow proc
does not induce topographic changes on the sample sur
as has been observed to occur in atomic force microsc
~AFM! nanolithography experiments and CAFM measu
ments on GaN.12 A slight decrease in current is observe
however, after repeated scanning.

B. Current-voltage characteristics

To determine the dependence of the current distribut
on the applied bias voltages, a series of images with vary
forward bias ranging from20.25 to21 V was obtained on
the same area, as shown in Fig. 3. As the bias voltage m
nitude increases the conductive areas become more
nounced and grow in size, and additional conductive ar
appear. This indicates that the conductive areas are not a
ciated with individual localized defects such as thread
dislocations or pin-holes but rather are due to intrinsic fi
properties such as variations in barrier height or film thic
ness.

To obtain quantitative data on the current magnitude a
function of applied bias voltage, a series of current imag
was obtained for sample bias ranging from 6.5 V in reve
bias to26.5 V in forward bias, as shown in Fig. 4. To avo
any effects of surface modification induced by the scan
probe tip, the probe tip was moved to a new area before
bias was changed. Conductive features are clearly visible
reverse bias voltages larger than;4 V and forward bias volt-
ages beyond;22 V.
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e
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FIG. 3. Series of current images obtained with increasing forward b
scanning over the same area. As the bias is increased, the conductive
grow in size and additional conductive areas appear. The gray scale ran
the images is 0.5 nA.
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Figure 5 shows histograms of the current magnitude
select sample biases, derived from the images in Fig. 4. E
histogram was obtained using a constant area~434
pixels334 pixels! and a bin size of 2.5 pA. The histogram
show a log-normal distribution in current magnitude, i.e.,

n~ I !5
AI

A2ps I I
e2@ ln~ I !2 ln~ I 0!#2/2s I

2
, ~1!

FIG. 4. Series of current images as a function of increasing forward
reverse bias. The gray scale range is 1 nA. As the magnitude of the
increases, the conductive areas become more pronounced.

FIG. 5. Histograms of the electrical current magnitude for selected
voltages. The current distributions are log-normal with single peaks
shift to larger current values with increasing bias voltage magnitude.
J. Vac. Sci. Technol. B, Vol. 22, No. 4, Jul ÕAug 2004
r
chwhere I 0 is the histogram peak position,AI is a normaliza-
tion factor, ands I is the variance. The log-normal distribu
tion in current magnitude indicates that the observed cond
tivity arises from a single current mechanism wi
exponential dependence of the current on a parameter ex
iting a Gaussian distribution. Fitting current-magnitude h
tograms for all applied forward bias voltages to Eq.~1!
yields average valuesAI;36.764 nA ands I;0.560.2, as
shown in Figs. 6~a! and 6~b!, respectively. The values ar
relatively independent of voltage for voltages larger than
V and are, as expected, smaller by a factor of about two
four for smaller applied bias voltages, for which the curre
is comparable to or smaller than the measurement resolu

A plot of the peak currentI 0 as a function of voltageVS is
shown in Fig. 7. A large series resistance of about 5 GV is
evident at high current levels, correction for which yields t
series-resistance-adjusted values shown in the figure~open
symbols!. Ln I 0 as a function of the square root of the ele
tric field within the oxide,E5V/t, is plotted in Fig. 7~b! as
measured~solid symbols! and after correction for series
resistance effects~open symbols!; an oxide thicknesst
510 nm is assumed. A linear region is clearly visible at lo
bias voltage~low electric field!, suggesting that the dominan
current mechanism is thermionic emission, for which

I ~V!5AA* T2e2fB /kTe1/kTAqV/~4p«0kt !, ~2!

whereA pr tip
2 is the tip-sample contact area,A* is the Rich-

ardson constant,fB the electron barrier height at th
diamond-oxide interface,k the Boltzmann constant,T the
temperature,q the electron charge,«0 the vacuum permittiv-
ity, k the oxide dielectric constant, andt the oxide thickness.
This is in agreement with a previous study13 in which ther-
mionic emission is suggested as the dominant mechanism

d
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s
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FIG. 6. Current distribution function normalizationAI and variances I as
functions of bias voltage.
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thin SrTiO3 films and bulk-limited thermionic emission14 for
thicker SrTiO3 films where the mean-free path of electrons
smaller than the film thickness. For larger applied biases,
slope decreases as a result of series resistance or distorti
the tip-sample contact as often observed for large app
bias in CAFM.

Fitting the currentI 0 at low fields using the thermionic
emission model of Eq.~2! yields a barrier heightfB

50.52 eV60.5 meV assuming a Richardson constant of 6
A/cm2 ~Ref. 15! and a tip radius of curvaturer tip510 nm, or
0.60 eV60.5 meV forr tip550 nm, and a dielectric constan
k516.2760.06. Fitting to the series resistance adjus
curve yields similar values:fB50.59– 0.68 eV60.5 meV
and«55.160.01.

The barrier height is in good agreement with that deriv
from a numerically calculated band diagram, shown in F
8~a!, obtained using a self-consistent one-dimensional~1D!-
Poisson/Schro¨dinger solver16 for a p1-doped diamond tip
with an electron affinity of approximately 0 V~Refs. 17, 18!
placed on top of SrTiO3 grown on Si. The calculation wa
performed assuming a conduction band offset of 0 V
tween SrTiO3 and Si19 and unpinned surface Fermi leve
due to the unknown electronic nature of the surface. Ther
onic emission is only possible as a current mechanism
electron states exist in the diamond tip near the interf
between diamond and SrTiO3 at energies near the conductio
band edge of SrTiO3 . A solution of Schro¨dinger’s equation
for the above band diagram near the interface of diam
and SrTiO3 using the 1D-Poisson solver indicates that t
electron wave functions of the conduction band states
SrTiO3 extend several angstroms into the diamond tip. T

FIG. 7. ~a! Current-voltage characteristics as measured~solid symbols! and
adjusted for series resistance effects~open symbols!. ~b! Ln I 0 vs the square
root of the electric field as measured~solid symbols! and adjusted for series
resistance effects~open symbols!.
JVST B - Microelectronics and Nanometer Structures
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suggests that states should exist in the diamond near
conduction band edge of SrTiO3 and therefore enable ther
mionic emission through these states. The extracted die
tric constant is much lower than the bulk value of;300, but
is in reasonable agreement with previous reports3,20 for films
thicker than 23 nm if those values are extrapolated to 10
using the reported 1/t dependence. The low dielectric con
stant is explained in these reports as a consequence of
interface layers exhibiting a lower dielectric constant th
bulk SrTiO3 .

The log-normal distribution in current magnitude o
served experimentally implies that the current depends ex
nentially on a parameter exhibiting a normal distributio
Assuming thermionic emission as the current mechani
possible parameters can be the barrier height or the pro
of the dielectric constant and the thickness. The variancesfB

of the barrier height andskt of the product ofkt can be
related to the variances I in current by

sfB
5s IkT, ~3a!

skt's I

2~kt !0
3/2kT

q
A4p«0

qV
. ~3b!

As mentioned earlier, the observed variances I is approxi-
mately constant with respect to voltage. We therefore c
clude that the observed variations are due to a distributio
barrier height withsfB

;13– 18 meV.

IV. CONCLUSIONS

We have used conductive atomic force microsco
~CAFM! to image the nanoscale current distribution
SrTiO3 grown epitaxially onn1-Si by MBE. Topographic
and current images were obtained simultaneously in con
mode with a bias voltage applied to the sample. Topograp

FIG. 8. Numerically calculated band diagram of thep2-doped diamond
coated probe tip on SrTiO3 on n1-Si. An acceptor concentration of 5
31018 cm23 and an electron affinity of 0 V were assumed for the diamo
tip, while the conduction band offset between SrTiO3 and the Si substrate
was set to 0 eV.
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2034 Schaadt et al. : Nanoscale current transport in epitaxial SrTiO 3 2034
images show a flat surface with a roughness of about 0.5
For voltage magnitudes larger than;2 V in forward and;4
V in reverse bias, the current images reveal small areas
local current flow on the order of pA. These features
irregularly shaped with an approximate radius of ab
10–50 nm and are not correlated with any topographic f
tures. As the bias is increased, the features grow in size
current magnitude and additional conductive areas app
indicating that the current is not associated with localiz
defects such as pin-holes, threading dislocations, g
boundaries, or other extended defects. Histograms of ele
cal current magnitude show a log-normal distribution with
variance of;0.5 over a large bias range, suggesting that
current conduction arises due to a current mechanism w
depends exponentially on a parameter exhibiting a Gaus
distribution. Analysis of current histograms shows that th
mionic emission appears to be the dominant current me
nism with a barrier height of;0.5–0.6 eV exhibiting varia-
tions on the order of 13–18 meV. The relative dielect
constant deduced from our measurements ranges betwe
and 16; values in this range are in reasonable agreement
previous reports invoking the existence of a dead interf
layer exhibiting a lower dielectric constant than bu
SrTiO3 .
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