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Nanometer-Scale Creation and Characterization of Trapped Charge in SiO2 Films
Using Ballistic Electron Emission Microscopy
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(Received 8 November 1995)

Electron injection into,25 nm thick SiO2 films in PtySiO2ySi structures using ballistic electron
emission microscopy (BEEM) is found to produce a local suppression in the BEEM current, which i
at least partly due to electron trapping in the SiO2 film. Measured variations in the BEEM threshold
voltage with the voltage applied across the SiO2 film can be used to estimate the local trapped electron
density and the centroid location, which agree with macroscopic measurements. Our measureme
indicate that BEEM can be sensitive to very small numbers of electrons trapped in buried SiO2

films. [S0031-9007(96)00509-1]

PACS numbers: 61.16.Ch, 72.20.Jv, 73.40.Qv
im
to
a

fe
ar
rl

ly
av
-
ed

ia
er

i-
it

m
to
el
d

-
ia
o
n-
en
in
is

al

m

i-

eth-
the
ere
e-
i-
ask,
he

a
a
re

to

in
d
e
ill
ur-

lly
be

ey
tal-
en
be

rge.
the
ide

Si
col-

of
p-

c-

n is
ig-

of
Charge trapping phenomena in SiO2 films are of great
fundamental interest, as well as immense technological
portance for the operation of metal-oxide-semiconduc
field-effect transistor (MOSFET) devices [1–4]. While
variety of techniques have been developed to study dif
ent aspects of charge injection, electric field-induced c
rier heating, trap creation, and carrier trapping [1,2], nea
all prior techniques give information which is spatial
averaged over large sample areas. Only recently h
Ludeke et al. [5–7] shown that the technique of ballis
tic electron emission microscopy (BEEM) [8] can be us
to study electronic transport properties of thin (,10 nm)
SiO2 films in MOS structures with nanometer-scale spat
resolution. This opens up new possibilities for nanomet
scale studies of charge trapping in buried films of SiO2 and
other wide-band-gap materials.

We have used BEEM to locally inject and microscop
cally characterize trapped charge in MOS structures w
moderately thick (,25 nm) oxide films. Electrons injected
into the oxide conduction band produce a localsuppres-
sion in the transmitted electron flux through the oxide fil
(BEEM current). This suppression increases with the
tal amount of injected charge, depends on the electric fi
across the oxideEox during injection, and is accompanie
by an increase of the BEEM threshold voltageVth indicat-
ing that it is related to charge trapping and/or damagewith-
in the oxide film, and not simply from hot electron dam
age at the metal-oxide interface [9]. By measuring var
tions ofVth with Eox, we show that BEEM can be used t
makenanometer-scaleestimates of the trapped charge de
sity and the charge centroid location, which are consist
with prior macroscopic measurements of charge trapp
in SiO2 films [1]. Our measurements suggest that BEEM
sufficiently sensitive to detect the trapping of a very sm
number of electrons (&10) in buried oxide films.

All experiments were performed in an ultrahigh vacuu
(UHV) system (base pressure,2 3 10210 torr) equipped
with a custom-built multipurpose scanning tunneling m
croscope (STM) [10] and an electron-beam evaporator.p-
type Si(001) wafers (doping level of,1 3 1015 cm23) with
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,25 nm of high quality thermally-grown SiO2 (provid-
ed by National Semiconductor Inc.) were cut into5 3

20 mm2 pieces, cleaned using a sequence of acetone, m
anol, and deionized water rinses, and introduced into
UHV sample preparation chamber. MOS samples w
madein situ using electron-beam evaporation [11] to d
posit ,5 nm of Pt (measured with a quartz crystal m
crobalance) onto the oxide surface through a shadow m
producing several “dots,” each 1 mm in diameter. T
sample was then passed in UHV to the STM, where
0.1 mm thick Au wire was used to electrically ground
particular Pt dot. Electrochemically etched W tips we
cleanedin situ with electron beam bombardment prior
the BEEM measurements.

The basic principle of the BEEM technique (discussed
Refs. [5] and [8]) is illustrated in Fig. 1. Under an applie
tip biasVT , “hot” electrons can be injected locally from th
STM tip into a thin metal film. Most of these electrons w
scatter, thermalize, and contribute only to the external c
rent IT . However, a fraction may propagate ballistica
across the thin metal film [8], and some of these may
“injected” into the oxide conduction band provided th
have sufficient energy to surmount the barrier at the me
oxide interface [5–7]. These injected electrons may th
be accelerated by an electric field in the oxide and/or
scattered by phonons [7,12], defects, or trapped cha
Some injected electrons will be scattered back into
metal film [5], some may become trapped in the ox
[1,2], and some may conduct across the oxide into the
substrate and be measured as the “BEEM” or external
lector currentIc. By monitoringIc as a function ofVT ,
IT , Vb , and past sample history, microscopic properties
oxide injection, carrier transport [5–7], and charge tra
ping may be studied.

The creation of a region of locally suppressed colle
tor currentIc by BEEM electron injection is illustrated in
Fig. 2. Figure 3 then demonstrates that this suppressio
associated with trapped electrons in the oxide film. F
ure 2(a) shows a,150 3 150 nm2 STM topographic im-
age of a “pristine” (i.e., with no prior scanning) area
© 1996 The American Physical Society 91
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FIG. 1. Energy-level diagram of the experiment. The volta
VT controls the energy of the hot electron flux (represented
dashed arrows) injected into the thin Pt film. Ballistic electro
which surmount the barrier near the metal-oxide interface
traverse the oxide film constitute the collector currentIc. The
barrier can be modified by the applied biasVb , and by trapped
charge (assumed to be a uniform sheet, appearing as voltagVn
to the BEEM electrons) located at a distancex into the oxide
film. The solid (dashed) line represents the oxide conduc
band minimum without (with) trapped charge.

the Pt metal surface, while Fig. 2(b) shows the simu
neously measured BEEM image (i.e., a plot ofIc vs tip
position), measured withVT  5.4 V, IT > 10 nA, and a
“forward” oxide bias ofV meas

b  18 V (note voltage po-
larities are defined in Fig. 1). For these conditionsIc . 0,
and the integrated collector charge density was meas
to beQc > 10 13 C cm22. The BEEM image in Fig. 2(b
shows distinct contrast, which is in partial correlation w
topographic features [7].

Next, two controlled “injection” scans were performe
over two,50 3 50 nm2 adjacent regions, whose locatio
on the sample are indicated by the dashed lines in Fig
The actual injection scan was done by increasingVT from
1 V to 5.4 V, then holding it for,60 s at 25 equally
spaced locations during each injection scan (withIT >
20 nA), while Ic was recorded and integrated. The on
difference between the lower and upper injected region
that a forward oxide biasV

inj
b  112 V was applied over

the lower region, while a reverse oxide biasV
inj
b  24 V

was applied over the upper region. For forward oxide b
the average integrated collector charge density wasQc >
125 C cm22, while for reverse oxide bias it was negligibl
We note that for the reverse oxide bias noIc is expected
since the BEEM electrons do not have sufficient ene
to surmount both the,4 eV barrier [5] at the metal oxide
interface and the,4 V reverse bias across the oxide film

Finally, a ,150 3 150 nm2 “postinjection” scan was
made using the same parameters as the “preinjection” s
This is shown in Figs. 2(c) and 2(d). Several features
apparent from Fig. 2. (1) The long injection scan h
caused no modification to the topography of the top m
surface, but has caused a significant local suppression o
currentIc through the oxide film. (2) The suppression
much stronger for the forward oxide bias injection than
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FIG. 2. Suppression of the collector currentIc caused by
charge injection. (a),150 3 150 nm2 topographic scan before
injection, measured withVT  5.4 V, IT > 10 nA, andV meas

b 
8 V. The Pt topography (full gray-scale range 2.5 nm) sho
a nodular character similar to that reported in Ref. [7].
Corresponding BEEM image (gray-scale range 0–5 pA),
topography, and (d) BEEM image after injection (see text), o
the two regions outlined by dashed lines. Injection in the up
region was done with a reverse oxide bias ofV

inj
b  24 V.

Injection in the lower region was done with a forward oxid
bias ofV

inj
b  112 V. Significant suppression is observed on

for the forward-bias injected region.

the reverse oxide bias injection. By comparing the pre
jection and postinjection BEEM images, we find that f
forward biaskIclregion > s25 6 5d% of its value in the pre-
injection scan, while for reverse bias there is alm
no detectable change, withkIclregion > s95 6 5d% of the
original value.

We now consider two possible origins of the observ
local suppression ofIc: (1) enhanced scattering of th
BEEM electrons due to hot-electron induced interdiff
sion at the metal-oxide interface (analogous to beha
observed by Hallenet al. [9] for certain Au/Si Schottky
barrier samples), and (2) a local buildup of trapped el
tronswithin the bulk of the oxide film. If in fact trapped
electrons in the oxide are present near the suppresse
gion, then the electric field from this trapped charge sho
increasethe energy barrier at the metal-oxide interface (s
Fig. 1) [3], which in turn should produce an increase
the BEEM threshold voltageVth [8]. On the other hand, if
changes in electron scattering from interface interdiffus
were the only cause of the suppression, then one would
pectno significant shift in barrier height, as was the ca
in the hot-electron-induced interface modification expe
ments reported by Hallenet al. [9] for the Au/Si system.

We have found that a large increase inVth is in fact
present in the suppressed regions in our MOS samp
giving strong evidence that trapped negative charge
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indeed present. First, the tip was moved to a prist
area, and an injection scan was performed (similar to
described above) with either a forward (V

inj
b  112 V) or

reverse (V
inj
b  24 V) oxide bias during injection. Then

a single BEEMIc-VT [8] curve was measured (withIT >
10 nA and V meas

b  18 V) at the center of the injected
region. This procedure was repeated several time
different sample locations, and the correspondingIc-VT

curves were averaged together. For comparison a num
of well-spaced [13]Ic-VT curves were also measure
on entirely pristine sample areas. The top, middle, a
bottom curves in Fig. 3 show these averagedIc-VT curves
for pristine (p), reverse-bias (r), and forward-bias (f)
injected regions, respectively, and the arrows indicate
corresponding fitted BEEM threshold voltagesVth for each
curve (with typical uncertainty60.1 V) [14]. With the
oxide biasV meas

b  18 V, we find V
p
th > 3.3 V for the

pristine areas. For the reverse-bias injected regions (w
show at most mild suppression in Fig. 2) we find a sligh
larger valueV r

th > 3.5 V, while for the forward-biased
injected regions (which show strong suppression) we fi
a significantly larger value ofV

f
th > 4.6 V. In general,

we always find that injection-induced suppressed regi

FIG. 3. AveragedIc-VT curves (100, 6, and 6 curves av
eraged, respectively) measured over pristine regions (
ted curve), reverse-bias injected regions (dashed curve),
forward-bias injected regions (full curve), respectively, w
measured BEEM thresholds ofVth > 3.3, 3.5, and 4.6 V, re-
spectively. For clarity, the top two curves have been v
tically offset. For the forward-bias injected regions a lar
increase inVth and a suppression ofIc (at VT  5.4 V) are
seen. Inset; Dependence of the threshold voltageVth on V meas

ox
applied duringIc-VT curve measurements (note thatV meas

ox >
V meas

b 2 0.6 V in this voltage range [15]), for pristine (circles
and forward-bias injected (triangles) regions. Curves sh
model fits according to Eq. (1), withV0 > 3.8 V, x > 3.9 nm,
andntrap > 1.3 3 1013 cm22.
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are accompanied by a significant increase inVth, directly
indicating that trapped negative charge is present.

We next show that we can use these BEEM thresh
voltage shifts to make estimates of thelocal trapped-
charge density in injected regions. In the simplest o
dimensional trapped-charge model, which assumes pl
geometry and approximates the trapped electron den
ntrap as a uniform sheet of negative charge located wit
the oxide film at a distancex from the metal-oxide interface
(see Fig. 1), the expression forVth (which corresponds to
the maximum barrier height) is

Vth

Ω
V0 2 xEox 1 Vn if Vn $ xEox ,
V02

p
sey4p´dd sEox2Vnyxd if Vn , xEox ,

(1)
whereEox  VoxyL is the applied electric field across th
oxide without trapped charge,Vox > Vb 2 0.6 V is the
voltage drop across the oxide [15],L > 25 nm is the oxide
film thickness,V0 is the intrinsic barrier height at the meta
oxide interface (see Fig. 1),Vn ; sentrapy´sd sL 2 xdxyL
(see Fig. 1) [16],´s > 3.9´o and ´d > 2.15´o are the
static and optical dielectric constants of the oxide film,
spectively,́ 0  8.85 3 10214 F cm21, ande is the elemen-
tary charge. ForVn , xEox, the electric field due to the
trapped negative charge increasesVth by reducing the
amount of “image force lowering” [4] of the barrier be
low Vth while for Vn $ xEox the total electric field nea
the metal-oxide interface is actually reversed and the b
rier is increased aboveV0.

According to this model, we should be able to direc
determine the parametersV0, ntrap, andx by monitoring
how V

p
th (measured over pristine areas) andV

f
th (measured

after forward-bias injection) vary with the oxide biasV meas
b

applied during measurement of theIc-VT curve. The inset
of Fig. 3 shows fits from Eq. (1) with the parameter valu
V0 > 3.8 V, x > 3.9 nm, andntrap > 1.3 3 1013 cm22

(note thatntrap  0 is assumed for pristine areas). We s
that bothV

p
th andV

f
th are fit very well by this simple model

V
p
th exhibits the effect of image force lowering [4,17] an

the valueV0 > 3.8 V is close to that (>3.9 V) reported
by Ludeke et al. [5–7] for the Pt/SiO2 interface. The
extracted parameter values forx andntrap for the forward-
bias injected region are in quite reasonable agreem
with past macroscopic measurements [1] of charge buil
in SiO2 films under similar injection conditions (i.e
with Eox  11.4 Vy25 nm > 4.6 MV cm21, and injected
charge density ofQc > 125 C cm22).

While the measurements shown in Fig. 3 provide stro
evidence that trapped charge is present in the suppre
regions, they do not prove that the trapped charge is
onlycause of the suppression. It is possible that part of
suppression is due to enhanced scattering resulting f
damage (either in the top metal layer, at the metal-ox
interface, or within the oxide bulk) which occurs simu
taneously with a buildup of trapped charge in the oxi
We note here that the observation that suppression is m
stronger under forward-bias than reverse-bias injections
shown in Fig. 2) gives supporting evidence that proces
93
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within the oxide bulkare more likely to be the ma
jor cause of suppression than any interdiffusion at
metal-oxide interface or creation of point defects in t
top metal layer [9]. This is because any change in the
ectric field created byVb is mostly confined to the ox-
ide region and is shielded from the metal film. Therefo
the local potential “seen” by hot BEEM electrons in th
metal layer and at the metal-oxide interface (and he
their kinetic energy and net number) should be essenti
independent ofVb , and one would expect similar damag
rates under both forward and reverse biases. The fact
suppression can be “turned off” under reverse oxide b
then suggests that scattering due to either creation of
fects in the metal layer or enhanced interface interdif
sion is not a significant cause of the suppression. We
that this conclusion follows only if we make the “local
assumption that any hot-electron induced damage in
metal layer or at the metal-oxide interface depends only
the local electron kinetic energy and is independent of
shape of the potential deep in the oxide. Such an assu
tion seems reasonable since the strong inelastic elect
phonon scattering in the SiO2 bulk [7,12] will largely wash
out quantum-mechanical phase interference effects wh
may couple the electronic wave function in the metal a
at the metal-oxide interface to the potential in the oxi
bulk. We note that Ludekeet al. [5–7] have made a simi-
lar assumption concerning electron transport (namely,
transport processes across the interface are essential
dependent from processes in the oxide bulk).

On the other hand, the fact that the suppression is m
stronger under forward-bias injection agrees well with t
proposed trapping and/or damage mechanismswithin the
oxide bulk. Forward bias will increase the number
BEEM electrons entering the oxide (through image for
lowering of the barrier [4]), and will increase their avera
kinetic energy (via field-induced electron “heating” [1,2]
which in turn should increase trap creation and/or oth
hot-electron-induced damage with the oxide film.

Based on our estimates of the trapped charge d
sity in suppressed regions, we can also estimate the
tal number of trapped electrons in a given region. W
see that the strongly suppressed region in Fig. 2 cont
only about s50 nmd2 3 s1.3 3 1013 cm22d > 325 trapped
electrons, which corresponds to fewer than 15 trapp
electrons for each of the 25Ic-VT yIc-t curves used for
injection. Similarly, from other “BEEM image” scan
following charge injection (withVT  10 V) at a sin-
gle location (not shown), we find our samples that t
measured suppression inIc is localized to a region
,15 25 nm across. Assuming the trapped electron d
sity of ,1.3 3 1013 cm22 spread over such an area, w
conclude that only about,25 65 trapped electrons can
producesignificantlocal suppression ofIc, corresponding
to a typical decrease inIc of up to,10 pA. We therefore
conclude that BEEM is sensitive to a very small num
ber of trapped electrons in the oxide below the tip. Ul
mately, we believe that it should be possible to use BEE
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to observe evenindividual electron trapping or detrapping
events.

In summary, we show that charge trapping in SiO2

films accompanies injection of BEEM electrons in
the oxide and that is at least partially responsible
local suppression of the BEEM current. We have a
shown that BEEM can be used to make nanometer-s
measurements of the local trapped charge density and
approximate depth of the trapped charge in the oxide.
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