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1. Introduction

Seveard interesting sudies by C-AFRM (Conductive — Atomic
Force Microscopy) [1,2] have been performed o far to investigate
the micrascopic origin of the degradation phenomena of gate di-
dectricsin MOSFET. Nevethdess, dthough the problem of mate-
rid formation on the surface during the scanning in ar and the ne-
cessity of doing the experiment in UHV (UltraHigh Vacuum) have
been addressad dreedy nearly ten years ago [1], to the author’s
knowledge, any experiment in UHV hasyet to bedone.

On the ather hand, to prepare for the further shrinkage of drcuit
dements, high-k didectrics are studied extensvely [3]. In thisstudy,
we have performed a C-AFM gsudy on HfFO,/SO, dacked druc-
tures in UHV amosphere for the firg time and succesded to ob-
servereproducibleimages of localized leskage gpots.

2. Experiment

The HfO, films were deposited on n-type S(100) wafers by re-
active sputtering in OJ/Ar flow, followed by anneding in O, or N.
The annediing condition and the thickness of the samples, deter-
mined by Grazing Incidence X-ray Reflectivity and Spectrosoopic
Ellipsometry, are summarized in Teble |. The C-AFM experiment
was performed with a Pt coated S cantilever inaUHV chamber (<
2 x 10" torr) and each time the scanning of the whole area (500nm
x 500nm) was completed, the bias voltage was increased by 0.1V
and the scan of the same area was repeated. When the largest cur-
rent in the area.exceaded 8nA, thetip was moved to anew areaand
the scanning was resumed starting again from a smdl bias voltage
where no leskage oot was observed.

3. Reaultsand Discussion

Fg.1 shows the current images of sample(1) at postive tip biss
The doughnut-shaped patterns, ~50nm in diameter, Sart to appear &
an imaging bias of 4.2V, Fg.1(a), and it is seen that the number of
these doughnut-shgped patterns increases as the bias increases and
S0 does the current & the dready exigting spots. Only anoise levd
of current is observed in the background and the legkage is com-
pletdy locd. The locd leskage is obsarved for both polarities for
samples (1) and (2). After imaging & a bias of 5.0V, Fg.1(c), the
imaging bias is reduced to 3.8V, Fig.1(d), where severd leskage
spots are obsarved. Since no leskage spot is observed a this low
bias a the beginning for afresh areg, this showsthat someirrevers-
ble degradation have dready taken placein the sample by imaging.

The dtuaion where atip crosses above a locdized leskage spot
is schematicdly shown in Fig.2. Since the shape of the dough
nut-shaped pattern in Fg.1 is dmogt identicd, we bdieve that the
sze of the leskage path is much smdler than the tip size and conse-
quently whet is imaged is the shape of the tip. A doughnut-shaped
pattern is obtained if the center of thetip is depleted for somereason
and correspondsto one leskage path which ismuch smdler than the
dzeof the paitern.

Therefore, the image of a single leskage oot depends on the tip

shepeif thetip islarger than aleskage path. An exampleisshownin
Fig.3, which showsthe locaized spots obsarved for sample (3) with
adifferent tip in the case of postivetip bias Again the shgpe of eech
oot isidenticd ( this time, the top of the tip is flat ) and this fact
strongly supportstheimage formation mechanism (Fig.2).

Another interesting feature isfound in the polarity dependence of
theimage of asngle leskage pat. Ascanbe seenin Fg., thesze
of each leskage spot increases & the beginning but saturates eventu-
dly a some hias. Fig.4 shows the saturated image of a single lesk-
age oot of sample(1) for postive and negative tip biases. Although
this pattern shows the shape of the sametip, it is seen that the reso-
Iution of theimage for the positive biasis much sharper and thesize
of thewhole pattern isamdler compared to thet for the negativebias
If we assumethat the Sze of the gpot in the current image isthe sum
of thetip size and leskage path Sze (Fig.2), it can be deduced from
theimagesthet theleskage path for negativetip biasis~15nm larger.
Although this could be caused by a difference in trap generation
mechanism as explained bdow, an inverson in the injection direc-
tion of carriers could be ancther passible explanation.

A topography (not shown) wes dso taken at the same time but
no dear relaion has been found between the topography and the
current image. No topography change has been observed either after
taking severd current images on the same areg, which shows that
no materia formetion took place during the experiment thanks to
the UHV environment. Also the fact that the image of the locdlized
gpot, which is the shape of the tip, does not change during the ex-
periment meansthat thetip isaso stable during the experiment.

A completdy different mode is observed for negaive bias of
sample (3). Although the leskage observed in Fig.l is locd, the
current in Fg.5 is homogeneous, i.e afinite current is observed dl
over the surface from ~ —4V. Moreover the current is reversible up
to —10V in a sense that when the messurement is repested & the
same aeadating again from asmdl hias, an exactly samereslt is
obtained. This result isin contradt to the loca |leskage mode where
some degradation in thefilm have aready taken place.

Findly, we would like to discuss the results obtained in the locd
leekage mode. From the current images, the evolution of the legk-
age spot dengty and current dengity of the whole area (500nm x
500nm) as afunction of tip biasis obtained for samples (1) and (2)
(Fg.6). It is seen that both of them increase exponentidly asafunc-
tion of bias. Although the magnitude of the current dendty is quite
large, we bdieve that this is caused by a multiple counting of the
current a one leskage spot dueto alargetip Sze (Fg.2) and thered
current dengity should be two to three orders of magnitude smdler.
By ingpecting the band diagram (not shown) assuming that our
films are complete didectrics, it turns out thet the results observed
for ssamples (1) and (2) showsthe degradation of theinterfacid SO,
layer only and that the leskage path is creeted by dectronsand holes
for poditive and negdtive tip biases repectively. Therefore, the dif-
ference in Fig.4 could imply a big difference in trgp generation
mechanism by dectronsand halesininterfacid SO..
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4. Condudons

The C-AFM in UHV has been usd for the firg time for
HfO/SO, stacked gate didectrics to spatidly resolve the occur-
rence of leskage current on a nanometer scae and reproducible
images of locdized |eskage gpots are observed successully.
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Tablel Specification of the samples.

Sample  Annealing Condition  dy;0(NM)  dgo(NM)

@) N,,600C,30sec 6.3 34
@ 0,,600C,30sec 6.3 37
®3) 0,,500C,30sec 45 21

Fig.1 Current images of sample(1) at positive tip bias
(500nm x 500nm). The tip biases are (a) 4.2V, (b)
4.6V, (c) 5.0V and (d) 3.8V.
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Fig.2 The process where a conductive tip moves above the
leakage path is shown schematically. The width of the
current image will be the total of the tip width, a, and
leakage path, b.
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Fig.3

Fig.4

Fig.5

Fig.6

Current images of sample(3) at pogtive tip bias (500nm
x 500nm). Thetip biasesare (a) 3.0V, (b) 3.1V, (c) 3.2V
and (d) 3.3V.

(@

Current images of a single leakage path of sample(1)
for (a) positive (4.6V) and (b) negative tip bias
(-6.5V). The size difference is ~15nm for both hori-
zontal (indicated by white arrows) and vertical direc-
tions.

Current iages of pIe(3 a negative tip bias
(500nm x 500nm). The tip biases are (a) —9.5V and
(b) =10.0V.
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Tip bias dependence of the leakage spot density and
current density of samples (1) and (2) for positive tip
bias.





