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The electrical characteristics of various size tunnel switch diode devices, composed of
Al/SiO2/n-Si/p1-Si layers, which operate with a range of parameters~such as current densities in
excess of 104 A/cm2) that stress the oxide layer far beyond the levels used in typical thin oxide
metal-oxide semiconductor research have been examined. It is found that the first time a large
current and electric field are applied to the device, a ‘‘forming’’ process enhances transport through
the oxide in the vicinity of the edges of the gate electrode, but the oxide still retains its integrity as
a tunnel barrier. The device operation is relatively stable to stresses of greater than 107 C/cm2

areally averaged, time-integrated charge injection. Duplication and characterization of these
modified oxide tunneling properties was attempted using scanning tunneling microscopy~STM! to
stress and probe the oxide. Electrical stressing with the STM tip creates regions of reduced
conductivity, possibly resulting from trapped charge in the oxide. Lateral variations in the
conductivity of the unstressed oxide over regions roughly 20–50 nm across were also found.
© 1997 American Vacuum Society.@S0734-211X~97!06904-7#
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I. INTRODUCTION

The continuing drive to decrease the characteristic dim
sions of metal-oxide semiconductor-field effect transist
~MOSFETs! in modern integrated circuits has fueled ba
research of metal-oxide semiconductor~MOS! structures
with very thin (,3.5 nm! silicon dioxide layers. Studies o
current-voltage (I -V) and capacitance voltage (C-V)
characteristics,1–7 as well as more basic surface studies us
x-ray photoemission spectroscopy~XPS!4,8,9 and ballistic
electron emission microscopy~BEEM!,10–12have greatly en-
hanced our understanding of current transport through th
oxides, the chemical nature of the Si–SiO2 interface, and the
effects of electrical stressing. However, as the bulk of t
work has been aimed at studying the future of the MOSF
few studies have attempted to stress thin oxides (,3.5 nm!
with very high current densities (.43103 A/cm2). While an
oxide that has been degraded with electrical stress is
longer usable in a MOSFET, it has not become an electr
short,2,4 and may be useful in other devices. Studies of su
devices may prove useful in understanding the intrinsic pr
erties of the oxide and its role in the operation of any devi

Consider the tunnel switch diode~TSD! device discov-
ered by Yamamotoet al.13 @Fig. 1~a!#, which has been pro
posed as a candidate for power switching, logic, and mem
applications.14–16 The device consists of ap-n junction in
series with a MOS junction, yielding a thyristorlikeI -V
characteristic shown in Fig. 1~b!, consisting of two stable
current states for a range of voltages. It has been dem
strated theoretically15 and experimentally17,18 that this device
relies critically on the oxide as a tunnel barrier. If the oxi
is either too thin or too thick, the peak in theI -V curve
disappears, and there are no bistable current states for

a!Electronic mail: tcm@ssdp.caltech.edu
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range in voltage. A comparison~Table I! of typical operating
parameters of TSD devices produced in our laboratory w
thin oxide MOS research parameters3 indicates that the TSD
clearly operates in a parameter space far removed from
of the MOSFET, stressing the oxide far beyond the poin
which the MOSFET fails.

In this article we present electrical studies of the TS
device, focusing on the role of the oxide and its ability
perform a critical role under heavy stress. By measuring
I -V characteristics of various size devices both before
after stress has been applied to the device, we find that in
stress causes a ‘‘forming’’ process, leading to nonunifo
current transport through the device, but that further str
produces little or no change. This suggests a local modifi
tion of the oxide tunneling properties. In an attempt to cre
and characterize similar locally stressed regions in a so
what simpler system, we examine a simple SiO2–Si interface
using atomic force microscopy~AFM! and scanning tunnel
ing microscopy~STM!.

II. TSD STUDIES

A. Basic device operation

While the behavior of the TSD device is not complete
understood, the generally accepted basic mechanisms lea
to the thyristorlike I -V curve are described in deta
elsewhere.14,15,18,19Here we will only give a brief description
of the device operation and the role of the thin oxide barr

The device is most easily described as ap-n junction and
an MOS junction in series. If positive bias is applied to t
gate electrode, theI -V curve is dominated by the revers
biasedp-n junction and contains no unusual features.
negative bias is applied to the gate electrode, the MOS ju
tion depletion layer begins to extend into then-Si layer@Fig.
10895(4)/1089/8/$10.00 ©1997 American Vacuum Society
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2~a!#. In this state, the current is low, limited by the revers
biased depletion layer, and the bulk of the bias is drop
across this layer. Once the depletion layer reaches thep-n
junction depletion region, however, further bias causes
p-n junction to be turned on, flooding then-Si layer with
holes. If the oxide layer is not too thin, the holes will acc
mulate in then region, creating an inversion layer. Th
shifts the bulk of the bias from the depletion layer to t
oxide @Fig. 2~b!#, causing a large increase in tunnel curre
provided the oxide layer is not too thick. This, in turn, caus
the Fermi level in then-Si layer to be pulled up, forward
biasing thep-n junction even more. This positive feedbac
mechanism switches the device into the high current state
which then-Si layer is nearly charge neutral, highly pop
lated by both holes and electrons, with a hole inversion la
at the surface providing the large field across the oxide. T
state can only be supported as long as the oxide is
enough to allow large tunnel currents, but thick enough
support the hole inversion layer.

Other mechanisms can be employed to switch the de
from the low to high current states. For example, light inje
tion into then-Si layer causes electron-hole pairs to be p
duced, setting up the necessary carrier distribution in
n-Si layer at a much lower bias.13 In Fig. 2~c!, we see that
increased light injection intensity results in a decrease in

FIG. 1. Tunnel switch diode~TSD!. ~a! The TSD device consists of ap 1
silicon substrate with ann silicon epilayer, typically a few microns thick, a
tunnel oxide~10–40 Å!, and a conductive~e.g., Al! gate on top.~b! A
typical measuredI -V curve for a 1503150 mm2 device. For this particular
device, I high5100 mA, I valley50.1 mA, I peak50.009 mA,Vvalley51 V, and
Vpeak54 V.

TABLE I. A comparison of maximum stress operating parameters of the T
devices produced in our labs with those of current thin oxide MOS rese
structures~see Refs. 2 and 5!. For the purposes of a rough comparison, w
define ‘‘Qmax’’ as the areally-averaged maximum fluence of charge t
results in a nonfunctioning device, and we compare this withQbd in MOS
devices. As our time-tested TSD devices did not expire in the course o
testing~Fig. 3!, we can only give a lower bound on this number.

toxide Qmax, Qbd Joxide Electric field
~Å! ~C/cm2) ~A/cm2) ~MV/cm!

TSD ,35 .107 .104 10–20
MOS 30–60 ,105 ,10 ,15
J. Vac. Sci. Technol. B, Vol. 15, No. 4, Jul/Aug 1997
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peak voltage of the TSD, until eventually the peak disa
pears completely. Charge injection via a third terminal, co
nected to then-Si layer, results in a similar modification o
the I -V characteristic.14,19

B. Experimental procedures

The details of the device fabrication and measurement
described elsewhere17, so we will only reproduce a summar
here. Chips approximately 131.5 cm2 were cleaved from
commercially obtained wafers consisting of ap-type ~3
31018/cm3) silicon ~100! substrate and ann-type ~2
31015/cm3) epilayer approximately 1.5mm thick. After
cleaning, thin sacrificial oxide layers were grown on t
chips in a rapid thermal processing~RTP! oven in O2 for 60
s at 900 °C. During ramp-up and anneal in the oven,
chips were held in an Ar ambient. The sacrificial layers we
stripped off in a buffered oxide etch~BOE!, and another
oxide was grown, again at 900 °C in O2. The thickness of
this oxide was controlled by varying the O2 flow time.
Samples with a flow time of 15, 30, 45, and 60 s were p
duced. The oxide thicknesses of these samples were
mated to be 1.5, 1.8, 2.1, and 2.5 nm, respectively, by m
suring the thickness of the 60 s sample using standardC-V
techniques and extrapolating along published calibrat
curves20,21 to the smaller thicknesses. As these values
only estimated and not measured, we will refer to t
samples by the controlled O2 flow time rather than the thick-
ness. We note that the thickness estimation17 is calibrated
usingC-V measurements which have been reported to y
values roughly 0.9 nm less that those given by optical te
niques such as ellipsometry when metal gates are use22

Aluminum contacts were deposited on both the front a

D
ch

t

ur

FIG. 2. ~a! A band diagram of the TSD in the low current state just below t
peak voltage. Further bias will extend the MOS junction depletion lay
forward biasing thep-n junction.EFm , EFn , EFp andV are the metal Fermi
level, electron quasi-Fermi level at the SiO2/n-Si interface, the Fermi level
in the flat band region of thep-Si substrate, and the applied bias, respe
tively. ~b! A band diagram of the TSD in the high current state. The h
inversion layer maintains the majority of the applied bias across the ox
while electrons tunneling through the oxide and holes injected from
p-Si layer keep then-Si layer highly populated, but nearly charge neutr
~c! MeasuredI -V curves of a 1503150mm2 device for different intensities
of injected light.
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back of the chip. Discrete devices were defined by lith
graphically etching the top Al surface into squares of vario
sizes.

The deviceI -V curves were measured at room tempe
ture by placing the chips on a conductive chuck of a pro
station, contacting the top Al pads with a tungsten probe
sourcing current to the device over an exponential range,
measuring voltage. Light from a lamp directed through
microscope connected to the probe station could be inje

FIG. 3. Effect of stress on TSDI -V curve over time. The first four sweep
represent the ‘‘virgin’’ scan, taken the first time bias was ever applied to
device, and the three subsequent scans. The remaining curves were
after the indicated number of hours of stress.
JVST B - Microelectronics and Nanometer Structures
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in the device with varying intensity in order to modify th
I -V curve as shown in Fig. 2~b! and described above.

C. Results and discussion

In this section we discuss properties of the TSDI -V
curves that may be related to the transport properties thro
the oxide layer. In particular, we explore two general ch
acteristics of the devices: an initial ‘‘forming’’ behavior, an
the scaling of the current with device size.

We have observed, as have others,18 that the first time a
large enough bias is applied to force the device into the h
current state, theI -V curve appears to change noticeably, b
subsequent stressing of the device results in very li
change. In Fig. 3, we show several scans taken on a si
1503150mm device: a ‘‘virgin’’ scan taken before any bia
had been applied to the device, three additional scans ta
immediately thereafter, and four subsequent scans taken
the device had been continuously ramped from negative
positive bias at 60 Hz for the indicated total number
hours. The ac stress was designed to continuously cycle
device back and forth from the high current state to the l
current state in order to determine whether switching
tween states would cause further degradation. We would
pect that degradation of the oxide would be similar for u
polar stressing as thep-n junction limits the current in the
reverse bias, and therefore little voltage is dropped across
oxide. Note that the ‘‘virgin’’ scan exhibits a much highe
peak voltage than all subsequent scans, but that no o
sudden changes in theI -V curve are apparent. We sugge
that the initial stress could be causing a modification of
oxide. We will return to this point shortly.

We have also observed that theI -V characteristics of dif-
ferent size devices have not scaled with area as would
expected if the current density were uniform. TypicalI -V

e
ken
FIG. 4. Scaling behavior of the TSD device. TypicalI -V curves for square devices ranging in size from 20320 mm2 to 50350 mm2 plotted as~a! current/
L0, ~b! current/L1, and~c! current/L2, whereL is the length of the side of the device~i.e., 20, 30, 40, and 50mm!.
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FIG. 5. Low voltage scaling behavior of the TSD with light injection.~a! ‘‘Virgin’’ J-V curves taken before the devices had ever been subjected to high
stress. Devices of four different sizes are shown in groups corresponding to samples with different oxide thicknesses. Each group collapses to nea
current density, suggesting a uniform current density.~b! J-V curves for a group of different size devices on the 30 s O2 sample taken both before and afte
high field stress. The ‘‘after’’ curves are also plotted as~c! current/L1 and ~d! current/L0 in order to illustrate the modified scaling behavior.
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curves for devices of a range of sizes on the 30 s O2 sample
are shown in Fig. 4, scaled by the length (L) of the edge of
the square Al contact that defines the active area of the
vice, raised to the powers 0, 1, and 2. If the current den
through the device were uniform, the current/L2 curves
shown in Fig. 4~c! would collapse to a single curve, but w
see that different parts of theI -V curve appear to scale wit
different powers ofL. For example, the low current regio
just below the peak seems to be independent of area, w
the high current region above the peak seems to scale m
nearly linearly withL than as any other integral power, su
gesting an edge effect. It is possible that parasitic resista
could play a role in the high current region, but this wou
typically result in a current independent of area.

In order to determine whether the oxide plays a role
this scaling behavior, we would like to isolate its contrib
tion to theI -V curve. As described above and illustrated
Fig. 2~c!, light injection causes the peak voltage to be
duced and, if intense enough, can eliminate the peak a
gether, effectively forcing the device into the high curre
state at any bias. In this state, the current through the de
is primarily controlled by oxide tunneling as the majority
J. Vac. Sci. Technol. B, Vol. 15, No. 4, Jul/Aug 1997
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the bias falls across the oxide. Therefore, with high enou
light injection, we can effectively examine theI -V charac-
teristic of the MOS junction even at low bias.

Using this light injection technique, we examined th
MOS part of the device under low bias both before and a
the device had been subjected to the stress of the high
high current regime that forces the ‘‘forming’’ process. Th
light level was set to completely eliminate the peak in t
I -V curve. In Fig. 5~a!, we plot pre-stress current densi
voltage (J-V) curves for four different size devices on ea
of four chips with different O2 flow times during oxidation,
and hence different oxide thicknesses. We see that the cu
very nearly collapse into four groups corresponding to
four different thicknesses, suggesting nearly uniform curr
density through each of the oxides. While the curve cor
sponding to the 20mm device on the 30 s O2 sample does
not quite coincide with the other curves for this sample, it
possible that the probe tip scraped off part of the Al pa
resulting in a smaller effective area.

In Fig. 5~b!, we plot similarJ-V curves of a set of differ-
ent size devices on the 30 s O2 chip under illumination both
before and after the devices had been stressed. This s
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was achieved by connecting the devices to a curve tra
and, for a few seconds, switching from negative to posit
bias at 60 Hz to a maximum positive bias current of 100 m
We see, first of all, that the~average! current density through
the devices increased by over an order of magnitude a
stressing. We also note that the currents no longer scale
L2. In fact, we see by comparing Figs. 5~b!, 5~c!, and 5~d!,
that the current most closely scales linearly withL. We sug-
gest that the oxide may be forming locally near the edge
the device where the electric field is somewhat higher. Si
lar behavior was observed for the 15, 45, and 60 s2
samples.

It is not surprising that our device geometry would pr
duce edge effects, and it is probable that such effects c
be minimized with a different device geometry, for examp
by extending the gate electrode across a thicker field ox
surrounding the device, or by using a guard ring. The in
esting result, however, is that in the presence of the loc
enhanced field around the edge of the device, the ‘‘forme
oxide is relatively stable under continued stress. As can
seen in Fig. 3, after the ‘‘forming’’ process, the device c
be operated for long times with little modification of th
peak or valley voltages at stresses far exceeding accep
MOS values~Table I!. Others have observed similar lon
lifetimes in these devices after an initial ‘‘forming.’’13,18

Even though this forming process greatly enhances ca
transport through the oxide locally, the oxide layer must s
be functioning as an effective barrier, or the peak region
the I -V curve would disappear as described earlier.

While these results reflect a local modification of the d
vice oxide, it is difficult to extract the oxide properties fro
the functions of the TSD, which is not completely well u
derstood, in a geometry which clearly produces nonunifo
transport. It would be interesting to study a simpler syst
with many of the same properties to see if it exhibited sim
local modifications of the oxide. For these reasons, we
tempted to mimic the high field local stress produced by
edge of our TSD devices with tunnel current injected fro
an STM tip through a thin oxide on a simple silicon substr
as described in Sec. III.

III. LOCAL PROBE STUDIES

A. Introduction

Scanning tunneling microscopy~STM! allows one to take
spatially resolved measurements of the tunnel current fl
ing from a sharp tip to a sample surface.23,24 On conductive
samples made of a single material, the tip may be brough
within angstroms of the surface and held at a constant v
age while the tip is raster scanned over the surface an
height modulated to maintain a constant tunnel current,
fectively yielding a physical contour plot of the surface dow
to atomic dimensions. Similarly, on flat surfaces compris
of materials differing in conductivity, the STM may be use
to generate a conductivity contour plot of the surface.25,26

The atomic spatial resolution of the STM makes it an attr
tive tool for the study of conducting and semiconducti
samples. Insulating samples, on the other hand, do not
JVST B - Microelectronics and Nanometer Structures
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erally allow a sufficient tunneling current to flow for ad
equate tip response resulting in frequent tip crashing,
therefore do not lend themselves as readily for STM stud

Thick layers of silicon dioxide would normally fall into
the category of materials for which STM is not a useful to
However ultrathin (,3.5 nm! layers of silicon dioxide, such
as those used in the TSD, allow sufficient tunneling curr
to make STM a viable tool for examining local conductivit
Others have been able to study ultrathin oxides in exp
ments with beam assisted scanning tunneling microsc
~BASTM!,27 with BEEM,10,12,28 and with STM of thinner
oxides.25,29We have found that by operating at high tip vo
ages~1–5 V! and lower than usual tunneling currents~1–5
pA!, the tip may be rastered over the silicon dioxide surfa
yielding an image without crashing. The image obtained
this fashion represents some convolution of the silicon s
face contour, the silicon dioxide surface contour, and a
variations in the local conductivity of the silicon dioxid
layer. We have attempted to characterize the local cond
tivity of our thin oxide layer with these STM images, com
paring them with topological AFM images of our samp
before and after oxidation. Furthermore, since the nature
STM is to inject large local current densities, we have a
attempted to look at the effects of localized electrical stre
ing on the thin oxide layer.

B. Experimental details

Samples were produced using boron dopedp-type ~100!
silicon wafers~00.00425–0.00575V cm! cleaved into square
chips;1 cm on a side. These chips were subject to a st
dard acetone, isopropyl alcohol, de-ionized water degreas
ultrasound. The chips were then etched in 10:1 HF solut
to remove any oxide, and a grid of circles 2mm in diameter,
5 mm apart, was patterned onto the chips. Chemically
sisted ion beam etching~CAIBE! was employed whereby 50
sccm of chlorine gas was used to react with the bare sili
surface while a beam of xenon ions was used to sputter
chlorine-reacted silicon for 15 s. After another degrease,
bare patterned silicon surface was then examined on a D
tal Instruments Nanoscope III MultiMode AFM. The chip
were then degreased once again and dipped in 10:1 HF
to remove any residual oxide. An AG Associates Mini-pul
rapid thermal Processor~RTP! was used to bring the chip
up to 900 °C in ultrapure argon. Device quality oxide w
then grown by exposing the chips to ultrapure oxygen
900 °C for 15–30 s followed by an anneal in ultrapure arg
for 30 s at 900 °C. Immediately following oxidation, th
chips were mounted with conductive silver paint onto ma
netic pucks for use with the AFM/STM and allowed to d
for 20 min.

After drying, the thickness of the oxide layer was me
sured on a J. A. Woollam variable angle spectroscopic el
someter~VASE!. Data was taken at 70°, 75°, and 80° ang
of incidence across wavelengths from 205 to 365 nm. T
thickness was computed using bulk SiO2 optical constants to
be 34–35 Å thick for the grown RTP oxides. AFM surfac
images of the samples were taken in ambient both to im
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the large scale patterning~10 mm square! and the oxide sur-
face in the unpatterned regions~100 nm square!. The
samples were then moved to a similar STM setup in amb
with a picoamp boost stage for use at low currents, an
variety of STM scans were taken over a period of seve
hours. Following study with the STM, the surface was ag
examined with the AFM and the oxide thickness was ag
measured on the ellipsometer.

We attempted to quantify the effects of atmospheric
posure on the RTP grown oxide due to native oxide grow
and accumulation of atmospheric moisture or other conta
nants. Unpatterned samples were degreased, etched, an
ide layers were grown in the RTP in a similar fashion to t
patterned samples. Timed thickness measurements t
over periods of 10–15 h in ambient exhibited lineariz
growth rates on the order of 0.2 Å/h. This correlates w
with the ellipsometric observed change in thickness of s
eral angstroms over the time of the STM scanning.

C. Results and discussion

The AFM was used to examine the topological contour
chips both before and after oxidation. Before oxidation,
bare silicon surface was examined both to verify that
patterning was successful and to quantify the silicon surf
roughness. Section linescans of the plots showed the sil
surface to have local roughness on the order of 1 nm. P
oxidation Si–SiO2 interface roughness has been found to
less than 1 nm by others.30 After RTP oxidation, the AFM
was again used to image the patterning and surface ro
ness. Figure 6 shows typical AFM scans of both the la
scale patterning and small scale roughness of the RTP
oxide layer. Figure 6~a! shows the large scale patterning im
age, found to have patterned hole depths of 18 nm. Fig

FIG. 6. Comparison of AFM and STM scans ofp-type Si with a 34 Å RTP
grown oxide. Large scale scans~10 mm, 50 nm light to dark! show the
patterning of the chips in~a! an AFM scan and~c! an STM scan~4.3 V, 3.3
pA!. Small scale scans~100 nm, 5 nm light to dark! taken in unpatterned
areas show~b! the surface roughness in the AFM scan, and~d! the lateral
variance in conductivity in the 1.0 V, 2.0 pA STM scan.
J. Vac. Sci. Technol. B, Vol. 15, No. 4, Jul/Aug 1997
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6~b! shows a 100 nm scan of the RTP oxide surface rou
ness. Line scans of the 100 nm image show small sc
roughness to be less than 1 nm in the unpatterned area
the chip.

The STM was then used to look at the electrical conto
of the RTP thin oxide layer. An initial attempt was made
image the surface in a constant-height mode, looking onl
local changes in tunneling currents without allowing the
to respond to the surface. However, the very drama
changes in current across our oxide resulted in extre
noise, frequent tip crashes, and an irreproducible image
constant-current mode, we are assured that if the samp
uniformly conductive, the surface image will reproduce th
of the AFM. By comparing our image with the AFM, we ar
able to distinguish differences in conductivity in the oxid
layer from topological features. The STM images were tak
at relatively high voltages~1–5 V! and low currents~1–5
pA! to keep the tip sufficiently far away from the surface
avoid crashing and also to drive sufficient tunnel curre
through the oxide for adequate feedback. This high volta
low current imaging was done at the expense of lateral re
lution, but was necessary to generate repeatable scans.
lar setpoint voltages with nanoamp currents have been u
by others in STM experiments with thinner oxides,25,29 as
well as BASTM,27 and BEEM10,12,28experiments.

Initially the chips were scanned over 10mm to image the
patterned circles to verify that our scan parameters were
ducing a reliable image. Figure 6~c! shows a typical large
scale STM image~4.3 V, 3.3 pA! of the patterned surface o
the same scale as the corresponding AFM image in Fig. 6~a!.
The images of the patterned circles show depths of 18.5
in excellent agreement with the AFM scan, well within e
pected variation in etch depth across the sample. Having
tablished that the STM is producing a reliable image of
oxidized chip, the scan size was reduced to look at lo
variations in the oxide. Figure 6~d! shows a 100 nm STM
image~1.0 V, 2.0 pA! of the oxide layer on the same scale
the corresponding AFM image in Fig. 6~b!. Line scans show
apparent height variations on the order of 5 nm across a
20–50 nm in size. The dramatic difference in the imag
taken with AFM and STM, coupled with the AFM verifie
flat topology, suggest that there are significant lateral va
tions in conductivity across the oxide. In order to verify th
these images represented true surface features, we attem
to reproduce them with a variety of scan parameters. Sur
features were relatively reproducible under changes in s
rate, direction, and area. Figure 7 shows a representative
ries of STM images~1.5 V, 3.0 pA! ranging in size from 1
mm to 100 nm on the same unpatterned section of RTP
ide. Apparent height variations in all four images are on
order of 5 nm with feature size on the order of 20–50 n
laterally in all images. Lateral variations in conductivi
similar in size and magnitude were seen across a numbe
different scans and chips.

Note that in the interpretation of these variations as c
ductive rather than topological features, we require a
sample separation of at least 5 nm. This is considera
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larger than the distances typically assumed in vacuum S
setups, and would suggest that the tip current in our exp
mental setup is considerably less sensitive to tip-sample
tance. This is a reasonable assumption for ambient S
accumulation of moisture and atmospheric contaminants
the tip and sample due to the high fields present can serv
reduce the sensitivity of current to tip-sample distance31

Similar larger than expected tip-sample distances have b
previously reported in other STM experiments in ambien25

The STM was also used to look at the effect of lar
currents on localized areas of the chip. Two different me
ods of stressing were employed. In one stress mode, th
was held at one spatially localized area, and anI -V curve
was taken, causing the voltage to be ramped repeatedly
positive to negative bias. After scanning a 10mm area, an
I -V curve was taken over a bias range of65 V or more.
Upon returning to the imaging mode~1.5 V, 1–2 pA!, a large
dark area hundreds of nanometers in size and more tha
nm deep was present. A similar effect was noted in ano
stress mode, whereby scans were kept at imaging volta
and currents but concentrated in lateral dimension. Figu

FIG. 7. Zoom in sequence of STM scans~1.5 V, 3.0 pA! over an unpatterned
area of 34 Å RTP oxide onp-type Si. Lateral variations in conductivity ca
be seen over the sequence of scans:~a! 1 mm, ~b! 500 nm,~c! 250 nm, and
~d! 100 nm scans. Light to dark variation in the scans is 5 nm.

FIG. 8. ~a! Before and~b! after 1.5/1.0 V, 3.0 pA STM scans of a 1mm, 20
nm light to dark, area subjected to a zoom in sequence of scans. The 1
deep ‘‘hole’’ visible in ~b! after zoom in represents an area of reduc
conductivity.
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illustrates the appearance of a modified surface feature a
a series of scans similar to those in Fig. 7. Figure 8~a! shows
an initial scan of a 1mm area, and Fig. 8~b! a rescan of the
same 1mm area after 500, 250, and 100 nm scans had b
performed within it. The scan of the modified surface co
tains a large dark area 10 nm deep where the smaller, m
concentrated, scans had occurred, similar to that which
present after theI -V scans. These features are likely due
the creation and charging of trap states which reduce
conductivity of the sample, as seen by others.12,28

IV. DISCUSSION

It is difficult to conclusively compare the results of the
two sets of experiments. It is unclear whether the small sc
lateral variations seen in the STM images on the unstres
oxides could play a role in the ‘‘forming’’ behavior of th
devices or the ability of the formed oxide to continue to a
as an effective barrier. It is possible that stress modificat
of the different conductivity regions could be related to t
observed ‘‘forming’’ behavior, but unfortunately, due to th
large drift in the lateral tip position, we have as yet be
unable to selectively stress the different conductivity regio
with the STM in order to test this hypothesis.

While we observed an increase in the oxide conductiv
in the stressed regions of the TSD device, we observe
decrease in the oxide conductivity with stress in the ST
experiments. Others11 have observed an initial decrease
conductivity followed by an increase in conductivity wit
continued charge injection in BEEM stressing experimen
Assuming a similar behavior in our system, is possible t
we were unable to inject a high enough charge density
stress the oxide to the point of increasing conductivity due
tip drift or current spreading.

V. CONCLUSIONS

Observations of the scaling behavior of the TSD dev
indicate that under initial heavy electrical stress, the silic
dioxide layer appears to become more conductive in the
cinity of the edges of the gate electrode where the elec
field is expected to be highest. It does not break down in
conventional sense, however, as it still acts as enough
tunnel barrier that the device supports multistable curr
states. AFM and STM measurements on similarly grown
ides indicate that, while the silicon and oxide surfaces
quite flat topologically, there are significant lateral electric
variations, even before significant stress has been app
Stressing the oxide by injecting large currents with lar
voltages, or by concentrating a raster scan over a small a
results in an area of lower conductivity in the STM imag
likely the result of negative charge trapping in the oxide.
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