Nanoscale current transport in epitaxial SITiO 3 on n*-Si investigated
with conductive atomic force microscopy
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We have used conductive atomic force microscopy to image the nanoscale current distribution in
SITiO; grown epitaxially onn™-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 thaV 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 heighi0d—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 SocietyDOI: 10.1116/1.1768529

[. INTRODUCTION tration of 5x10*¥cm™3. The silicon substrate was exposed

SrTiO; has been suggested by sdriias a candidate for to 0zone for 20 min to remove the surface organics, prior to
application as a high-dielectric gate oxide replacement for loading in the MBE chamber. The base pressure in the cham-
Si0, in future metal-oxide-semiconductor field-effect- ber was ~1-2x10"°Torr. In vacuum, the wafer was
transistors due to its high bulk dielectric constési-180)°  heated to 930 °C to desorb the native Si@yer on the sur-
and the possibility of epitaxial growth on Si by pulsed laserface, which resulted in a clearn<2starting silicon template.
depositior’® electron beam depositidi,or molecular-beam The substrate was then cooled 16700 °C, followed by a
epitaxy (MBE).2 Recent studies of the electrical characteris-deposition of 1/2 monolayefML) of Sr. The deposited Sr
tics of SrTiO, grown on Si have shown relatively low leak- reacts with silicon and forms a submonolayer silicide tem-
age currents compared to other higltielectrics of similar  plate. This silicide template is more stable to oxygen expo-
equivalent oxide thicknessHowever, these measurements sure and prevents the formation of amorphous,SiDthe
were performed with standard, large area electrodes and thiterfacet” thus promoting the epitaxial growth of oxides on
detailed nature of the current mechanisms remains unknowssilicon. Following this, the wafer was cooled to 100 °C for
Scaling of MOSFET gate sizes to the sub-100 nm regiméhe deposition of 3 ML of SrORq,~4 X 10 8 Torr). 3 ML
necessitates a detailed investigation of the nanoscale curre8tO were deposited even at low temperatures is crystalline,
distribution and determination of the relevant physicalbut relaxed because of the large mismatetb.2% with
mechanisms of current flow. We have used conductivesilicon. Two monolayers of amorphous Ti@ere deposited
atomic force microscopyCAFM) to image the nanoscale on top of the crystalline SrO stack &tL00 °C in an oxygen
current distribution in SrTiQgrown epitaxially om*-Si by  ambient of 310”7 Torr. In vacuum, a recrystallization an-
MBE. Investigating the current images and using a statisticaheal was performed by heating the wafer to 550 °C to enable
analysis of histograms of the current magnitude in the curthe formation of epitaxial SrTiQby a topotactic reaction.
rent images, we find that the current is dominated by thermiThis topotactic reaction involves the diffusion of amorphous
onic emission and not related to localized defects such asj0, layers through the crystalline SrO stack resulting in the
pin-holes or threading dislocations. A detailed descriptionformation of crystalline epitaxial SrTiQ™ Further growth

and analysis of the current distribution is presented. of epitaxial SrTiQ on this two unit cell template was
achieved by repeated low temperature deposition of few unit
Il. EXPERIMENTAL PROCEDURE cells (~5) of amorphous SrTiQ (co-deposition of Sr and Ti

The epitaxial layer structure used in these studies waB an oxygen partial pressure of 230 ' Torr), followed
grown by MBE on an*-Si substrate with a dopant concen- by vacuum recrystallization anneal at 550 °C. A schematic
drawing of the sample structure is shown in Fig. 1.
dElectronic mail: ety@ece.ucsd.edu Topographic and current images were recorded simulta-
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Fic. 1. Schematic diagram of the sample structure and the measureme
configuration for conductive atomic force microscopy.

neously in contact mode in a Digital Instruments Multimode

atomic force microscope modified for CAFM

measurement¥,as shown in Fig. 1. Measurements were per-
formed under ambient conditions with relative humidity of
55%-65%. The current images were obtained by applying &
bias voltage to the sample and measuring the current throug
a conductive diamond-coated tjp" -doped with boron. All  Fic. 3. Series of current images obtained with increasing forward bias,

current images were obtained with a pre-amp amp”ficaﬁoﬁscanning over the same area. As the bias is increased, the conductive areas
factor of 10 ° A/V grow in size and additional conductive areas appear. The gray scale range of

the images is 0.5 nA.

[ll. RESULTS AND DISCUSSION

A. Topographic and current images of 4 um?. The current images show highly localized, irregu-
. . ) __larly shaped conductive areas which are uncorrelated to the
. Figure 2 shows topographlc and current images 0btamefzpography. Highly conductive areas are observed in both
S|multaneously_fo_r sample bias voltagégof 4.5 and—1 V reverse and forward bias. Imaging of the current flow process
The topographic images reveal the surface to be quite flalj,oq ot inguce topographic changes on the sample surface,
with a rms roughness of about 0.5 nm, measured over an are has been observed to occur in atomic force microscopy

(AFM) nanolithography experiments and CAFM measure-
ments on GaN? A slight decrease in current is observed,
however, after repeated scanning.

B. Current-voltage characteristics

To determine the dependence of the current distribution
on the applied bias voltages, a series of images with varying
forward bias ranging from-0.25 to—1 V was obtained on
the same area, as shown in Fig. 3. As the bias voltage mag-
nitude increases the conductive areas become more pro-
nounced and grow in size, and additional conductive areas
appear. This indicates that the conductive areas are not asso-
ciated with individual localized defects such as threading
dislocations or pin-holes but rather are due to intrinsic film
properties such as variations in barrier height or film thick-
ness.

To obtain quantitative data on the current magnitude as a
function of applied bias voltage, a series of current images
was obtained for sample bias ranging from 6.5 V in reverse
bias to—6.5 V in forward bias, as shown in Fig. 4. To avoid
Fic. 2. Topographic(left) and current(right) images obtained simulta- any effects of surface modification induced by the scanned
neously in contact-mode with a sample biasof (a) 4.5V and(b) ~1V.  probe tip, the probe tip was moved to a new area before the

The gray scale ranges are 2 nm for the topographic and 0.5 nA for thgya5 \yas changed. Conductive features are clearly visible for
current images. The current images show local irregularly shaped conduc- ’

tive areas which are uncorrelated to the topography. Conductive areas af§Verse bias voltages larger thad V and forward bias volt-
observed in both reverse and forward bias. ages beyond-—2 V.
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Fic. 4. Series of current images as a function of increasing forward and ®) V. V]
reverse bias. The gray scale range is 1 nA. As the magnitude of the bias °

increases, the conductive areas become more pronounced. Fic. 6. Current distribution function normalizatio, and variancer, as

functions of bias voltage.

Figure 5 shows histograms of the current magnitude for
select sample biases, derived from the images in Fig. 4. Eaciiherel is the histogram peak positiod, is a normaliza-
histogram was obtained using a constant ar@4 tion factor, ando, is the variance. The log-normal distribu-
pixelsx 34 pixel§ and a bin size of 2.5 pA. The histograms tion in current magnitude indicates that the observed conduc-

show a log-normal distribution in current magnitude, i.e., tivity arises from a single current mechanism with
exponential dependence of the current on a parameter exhib-

n(l)= A o LIn(h)~In(1)12/207 1) iting a Gaussian dist_ribution. Fitting current-magnitude his-
\/ﬂgﬂ ' tograms for all applied forward bias voltages to Ed)
yields average value&,~36.7+4 nA ando,~0.5£0.2, as
shown in Figs. €a) and Gb), respectively. The values are
relatively independent of voltage for voltages larger than 1.5

v . V and are, as expected, smaller by a factor of about two to
8001 —S;—4V four for smaller applied bias voltages, for which the current
{1 [_e—svy f is comparable to or smaller than the measurement resolution.
_ 6004— I g v f A plot of the peak currerity as a function of voltag¥s is
T 400 shown in Fig. 7. A large series resistance of about 8 G
200 evident at high current levels, correction for which yields the
] U T series-resistance-adjusted values shown in the figopen
(-)600 " 00 =100 500 <200 =g 0 symbols. Lnl, as a function of the square root of the elec-
@ | Al tric field Wlthlr_l the oxide, E=V/t, is plotted in Fig. ) as
measured(solid symbol$ and after correction for series-
. resistance effectfopen symbols an oxide thicknesst
150 -4 Vs =10nm is assumed. A linear region is clearly visible at low
@ :0:5 x bias voltagelow electric field, suggesting that the dominant
100 : —A—:4V current mechanism is thermionic emission, for which
= 5 & :Y: -2 x 1(V) = AA* T2e~ 48 KTgUKT|aVIt&meoxD) @)
§ M S, whereA 712 is the tip-sample contact area* is the Rich-
04 Z"H‘h—..&""‘::’““~ ardson cotrllpstant,d)B pthe eplectron barrier height at the
0 400 800 1200 diamond-oxide interfacek the Boltzmann constanfl the
(b) I [PA] temperatureg the electron charge;,, the vacuum permittiv-

Fic. 5. Histograms of the electrical current magnitude for selected bia ity, « the oxide dielectric constant, anthe oxide thickness.

voltages. The current distributions are log-normal with single peaks that his _iS in -agr-eer‘.nent with a previous St&_aw which the.r'
shift to larger current values with increasing bias voltage magnitude. mionic emission is suggested as the dominant mechanism for
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Fic. 7. (a) Current-voltage characteristics as measu(sadid symbol$ and
adjusted for series resistance effe@pen symbols (b) Ln | vs the square

root of the electric field as measurésblid symbol$ and adjusted for series suggests that states should exist in the diamond near the
resistance effecttopen symbols conduction band edge of SrTiGand therefore enable ther-
mionic emission through these states. The extracted dielec-
tric constant is much lower than the bulk value-6800, but
thin SrTiO; films and bulk-limited thermionic emissibhfor is in reasonable agreement with previous reﬁ&ﬂﬁ)r films
thicker SrTiG, films where the mean-free path of electrons isthicker than 23 nm if those values are extrapolated to 10 nm
smaller than the film thickness. For larger applied biases, th@sing the reported fl/dependence. The low dielectric con-
slope decreases as a result of series resistance or distortiongnt is explained in these reports as a consequence of dead
the tip-sample contact as often observed for large appliethterface layers exhibiting a lower dielectric constant than
bias in CAFM. bulk SrTiO;.

Fitting the currently at low fields using the thermionic The log-normal distribution in current magnitude ob-
emission model of Eq.2) yields a barrier height¢g  served experimentally implies that the current depends expo-
=0.52eV+0.5meV assuming a Richardson constant of 60thentially on a parameter exhibiting a normal distribution.
Alcn? (Ref. 15 and a tip radius of curvatung,=10nm, or  Assuming thermionic emission as the current mechanism,
0.60 eV*0.5 meV forry,=50nm, and a dielectric constant possible parameters can be the barrier height or the product
«=16.27£0.06. Fitting to the series resistance adjustecof the dielectric constant and the thickness. The variange
curve yields similar valuesig=0.59-0.68€0.5meV ot the barrier height andr,, of the product ofxt can be

ande=>5.1=0.01. related to the variance, in current by
The barrier height is in good agreement with that derived

from a numerically calculated band diagram, shown in Fig. g,= KT, (33
8(a), obtained using a self-consistent one-dimensighB)- 3/

’ o 6 + . : 2(kt)g KT  [4me
Poisson/Schidinger solvet® for a p*-doped diamond tip o~ 0 o (3b)
with an electron affinity of approximately O \Refs. 17, 18 o q qVv

placed on top of SrTig grown on Si. The calculation was ag mentioned earlier, the observed variangeis approxi-

performed assumlnggga conduction band offset of 0 V' beynately constant with respect to voltage. We therefore con-
tween SrTiQ and St” and unpinned surface Fermi levels .|,qe that the observed variations are due to a distribution in
due to the unknown electronic nature of the surface. Thermlbarrler height WlthG¢B~l3 18 meV.

onic emission is only possible as a current mechanism if

electron states exist in the diamond tip near the interface

between diamond and SrTi@t energies near the conduction IV. CONCLUSIONS

band edge of SrTiQ A solution of Schrdinger's equation We have used conductive atomic force microscopy
for the above band diagram near the interface of diamondCAFM) to image the nanoscale current distribution in
and SrTiQ using the 1D-Poisson solver indicates that theSrTiO; grown epitaxially onn*-Si by MBE. Topographic
electron wave functions of the conduction band states irand current images were obtained simultaneously in contact
SrTiO; extend several angstroms into the diamond tip. Thisnode with a bias voltage applied to the sample. Topographic
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