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transistor using cross-sectional scanning capacitance microscopy
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We have directly measured nanoscale electronic features associated with a 120 nm physical gate
length p-channel silicon metal—oxide—semiconductor field-effect transistor device structure
includingn™ superhalo implants using cross-sectional scanning capacitance micrgSsojdy. A

dc bias-dependent voltage series of SCM images representing nine bias conditions frer2 ¥ to

in 0.5 V steps was obtained. The SCM contrast observed varies with the ac and dc bias applied to
the sample and allows delineation of the device features, includingts®urce and drain contacts,

p* source and drain extensions', polycrystalline silicon gate, electricpn junction,n-well, and

n* superhalo implants. It is demonstrated that the superhalo implant features are imaged only under
specific SCM bias conditions. Detailed analysis of the resulting SCM contrast indicates an apparent
channel length of 7811 nm, and reveals clear asymmetry in the individual lobes ofrihe
superhalo implant features. ®002 American Institute of Physic§DOI: 10.1063/1.152281]9

As scaling of silicon metal—oxide—semiconductor de-um. Following then-well implant andp™* poly-Si gate pat-
vices extends to gate lengths of Quin and below, funda- terning, then™ superhalo implants were formed using large
mental limitations in gate oxide thickness and supply voltagdilt angle arsenic implantation. Boron source and drain exten-
nonscaling issues become apparenRRecently, advances sions were then implanted followed by oxide sidewall spacer
have focused on channel engineering utilizing superhalo iopatterning, boron source and drain contact implants, and sil-
implantation, which results in both vertically and laterally icide formation. Additional details of the device fabrication
nonuniform two-dimensional2-D) profiles to overcome Pprocess are described elsewhéfe.
short channel effects* Cross-sectional scanning capacitance ~ The sample was prepared for imaging using established
microscopy(SCM)S and spectroscoﬁyhave been used as SCM cross-sectional Sample preparation tEChniaJe-Ehe
powerful metrology tools in actual Si device structures. WelO um device gate width hinders the fabrication of a metal
have used SCM imaging, over a range of applied sample pigkontact to the cross-sectional surface to ground all device
voltages, to clearly delineate the individual device regions in
a deep-submicrop-channel Si metal—oxide—semiconductor 100 nm
field-effect transistor §-MOSFET), includingn™ superhalo  (a) —
implants. The contrast obtained allows us to imagerthe ” . . »
superhalo implants and to demonstrate direct measuremer "’Siﬁcide o CT S T oxice silicide/-
of apparent channel length in Si device structures with com- |
plex 2-D channel doping profile.

SCM imaging was performed using a Digital Instru-
ments Dimension 3100 atomic force microscépEM) with
SCM capacitance sensor electronics. The basic concepts ¢
cross-sectional SCM imaging have been described
elsewheré:® The ac bias V., typically 1 V peak-to-peak, ~4_p-Sisubstrate Na ~7x 10 15 om -3
applied at frequency 90 kHland dc bias {4 were applied
to the sampletip is grounded, and the imaging was per-
formed in standarddC/dV open loop magnitude-modé,
employing commercially available CoCr-coated silicon AFM
tips. The sample topography is simultaneously obtained us:
ing conventional contact mode AFM.

A schematic of thep-MOSFET sample employed is 100 nm
shown in Fig. 1a). The device gate width is 1@m, and —

cross-sectional scanning electron microscOpiM) reveals  rig, 1. (a) Schematic diagram of the-MOSFET superhalo structuréb)
the fabricated physical gate length to be approximately 0.1Zross-sectional topograpligteflection data, gray scated.01 V). (c) Corre-
sponding SCM image witl,.= 1 V (peak-to-peakandV4.=0 V. The gray
scale is 5 V. In(b) and(c) the locations of the poly-Si gate and oxide spacers
¥Electronic mail: ety@ece.ucsd.edu are indicated, and ic) the Si surface is indicated by a solid line.

p* source pt drain

pt contact pt contact

n* halo ~3 x 10 18 ¢m-3

¢ n-well Np~3x1017 ¢m -3
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regions®® Instead, the sample substrate was thinned and an
800 nm Al layer was deposited on the back plane before
mounting the device for mechanical polishing. The final sur-
face preparation consisted of a colloidal silica polish fol-
lowed by a low-temperature UV ozone oxidatioh.

The cross-sectional sample topogragtegflection data
of the p-MOSFET device is shown in Fig.(). The trap-
ezoidal feature comprises the transistor poly-Si gate, oxide
sidewall spacers, and oxide/nitride layer. This feature allows
the transistor active device region to be located in cross sec-
tion. No additional topographic features are regularly visible.

The corresponding magnitude-mode SCM image under
bias conditiond/,.=1 V andV4.=0 V is shown in Fig. {c).

The SCM features reveal the basic device structure and re-
flect the free carrier concentration in each device region. The
electricalp—n junction is evident as the dark nodal line tra-
versing the image. The* contact and source/drain exten-
sions are displayed as the graded light band, located above
and parallel to theg—n junction. The dark gray area under
the top silicon surfacep(" contact regiohcorresponds to the
metallic silicide layers and heavily dopgd contact region.

To further delineate the active device region of the
p-MOSFET a V. bias-dependent voltage series of
magnitude-mode SCM images was acquired. These data
were obtained sequentially after the data presented in Figs.
1(b) and Xc), utilizing the same AFM tip. This series of FiG. 2. (a)—(d) Subset of SCM images from thé bias-dependent voltage
images was obtained wit,. held constant at 1 V whil¥ 4. series showing four specific bias voltage conditions requiredhfosuper-
was swept from 2 to—2 V in 0.5 V steps with an SCM halo implant imaging. Th_e complete series of images was obtainedvyith
. . . held constant at 1 V, whil& 4. was swept from 2 to-2 V in 0.5 V steps.
Image vau'rEd at each voltage step. T/Ia@blas-dependent The gray scale is 5 \(e) Enhanced contrast of the area in the dashed box in
voltage series therefore represents nine individual bias cond), showing the double-lobed superhalo implant features.
ditions. For dc bias voltages outside of this rangé(

>2V or V4<—2V), we observed anomalous topographic ca| p—n junction and device dielectric layefdark gray re-
features and corresponding SCM features, presumably due {fon) in the SCM contrast. Fov 4= — 1.5 V [Fig. 2(d)], ad-
charge injection into the oxide. Once present, these featuregitional contrast in the-type channel region is revealed. The
persist and can obscure the device features of interest, prgefined channel region between then junctions in Fig.
venting meaningful subsequent imaging. The bias voltage(y) is no longer apparent and instead this region now exhib-
series exhibits theéVy. bias dependence and evolution of jts detailed SCM contrast due to theé superhalo implants.
dC/dV contrast expected based on modeling of the tip-The dark features in the channel region correspond to a
sample system as an MOS capaciOS-C).>' lower-magnitude SCM signal, indicating a localized region
Figure 2 shows a subset of the nine SCM images fromypf increased carrier concentration relative to theell,®** as
the V. bias-dependent voltage series, at four specific biagxpected for then® superhalo implants. Subsequent
voltages ¥ ¢.=0, —0.5,—1.0, and—1.5 V) that demonstrate polarity-modé’ SCM imaging was performed and the con-
the SCM conditions necessary for the superhalo implants  trast obtained verified the correct carrier type for the local-
to be imaged. The simultaneously obtained topographic imized n* regions. The area in the dashed box in Figf)ds
ages were similar to that shown in Figbl At V4.=0V  displayed with enhanced contrast in Fige)2 It is clear that
[Fig. 2(a)] the transistor structure is evident. Thé poly-Si  the dark SCM feature appears in the shape of two lobes.
gate appears as the bright rectangular feature near the top of Figure 3 shows averaged line scans of the SCM data in
the image, and provides an additional direct measure of thgigs. 2a) and 2d), in both the verticalFig. 3(a)] and lateral
fabricated gate length. Thetype channel region immedi- [Fig. 3(b)] directions. The line scans presented in Fita)3
ately under the poly-Si gate exhibits graded SCM contiiast were taken for each bias condition at the position indicated
the vertical directionfrom zero near the oxide—Si interface, by the vertical arrow in Fig. @) (marked “V”). The line
increasing through the depletion region and leveling offscans presented in Fig(l8 were taken for each bias condi-
within the n-well. No significant additional features are tion at the position indicated by the horizontal arrow in Fig.
present in this region, which under these bias condition2(d) (marked “L"). In Fig. 3a), the n-well device region is
would suggest similar dopant concentration in the channebn the left side and the device top layers are on the right,
andn-well regions. As the dc bias is decread€igs 2b)—  while Fig. 3b) has the same orientation as Figéa)22(d).
2(d)] the device structure becomes less visible, asghie The line scans were taken from raw data and averaged over
contact ang ™ poly-Si gate regions are biased near inversion10 pixels in the orthogonal direction. The data were then
and therefore exhibit essentially zedC/dV signal. As a averaged along the line, over 5 pixdls5 nm) in order to
result, these features are not distinguishable from the electrreduce signal noise. In the vertical line scans presented in

Downloaded 21 Nov 2012 to 129.116.140.105. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions




Appl. Phys. Lett., Vol. 81, No. 21, 18 November 2002 Rosenthal, Taur, and Yu 3995

physical parametéf While accurate for measurineg in
:_‘1";\/ deep-submicron devicesvithout superhalo implants, the
n shift-and-ratio method yields artificially large valudss0%—
Si surface 175% for deviceswith superhalo implants, presumably due
to the decreased effective carrier mobility in the channel re-
) ) ) > ] gion. The SCM technique allows for direct, physical imaging
0 100 200 300 400 500 of device structures. We have measured an apparent channel
Vertical Distance (nm) . X
— oV length, Lap,, as the minimum channel distance between
source and draip—n junctions. Based on detailed analysis
of our SCM data for the bias conditions shown in Figa)2
we have measureld,,,to be 7311 nm. Analysis of thé/y.
bias-dependent SCM data indicates that, for this device
400 500 structure, determination df ,,, based on SCM imaging is
largely independent of bias voltage for-0.5V=Vy
FIG. 3. Averaged line scans taken in tfg vertical direction, through the <0.5V, in contrast to results of previous studies in which
drain-side of the channel region, afio) lateral direction, from the SCM  simulations of SCM contrast for devices with conventional

data in Figs. 2a) (Vg.=0V) and 2d) (V.= —1.5V). The device positions  channel doping showed a substantial dependend:%@fon
1

n-well

(a)

dC/dV (V)

(b)

dCiaV (V)

0 100

200 300
Lateral Distance (nm)

from which line scans were taken are indicated in Figl).2 vV 1
dc-
In conclusion, we have used cross-sectional SCM to di-
_ . . + . .
Fig. 3a), the n* superhalo feature appears in thg.=  rectly image then™ superhalo implants, and measirg,,in

— 1.5V data(black lin® as a shoulder, or plateau, prominent & 120 nm gate length $rMOSFET with complex 2-D chan-

in the transition between the lightly dopeewvell region and nel doping profile. A series of dc bias-dependent SCM im-

p* contact and top layer regions, where the SCM contrasf9es allows us to delineate the individual device regions. We

approaches zero. No corresponding feature is present in thi@ve demonstrated tK\e specific SCM bias conditions neces-
data forV.=0 V (gray line sary for imaging then™ superhalo implants and shown data
. .

The lateral line scans presented in Figb)3highlight indicating_clegr asymmetry in the individual lobes. We esti-
additional detail in the SCM contrast due to the superhalo  Mat€Lapp in this device to be 7311 nm.
implants. For theVy:=0V data(gray ling, the prominent The authors thank K. Caudy, A. Oviedo, and Dr. H.
SCM feature(located from~175 to~400 nm, indicated by  \yja|ker with Dynamics Research Corporation for use of their
arrows marked “n’) shows relatively constant doping at this gc, and for obtaining cross-sectional SEM images of the
bias condition. The corresponding SCM feature \&k:  devices used in this study. Part of this work was supported by

—_—— 1 1 i f‘k‘ 1 1 1
=—1.5V (black line, indicated by arrows marked “fl) (1o National Science FoundatioriAward No. DMR
shows increased detail with two shallow depressions in th@072913_
SCM signal located immediately under the gate region cen-
tered at~250 and~350 nm(corresponding to the twa™*
;uperhalo |ObéS§lnd aregion .Of !arggr S|gn§ibwer dOpIng LY. Taur and E. J. Nowak, Tech. Dig. - Int. Electron Devices Meet., 215
in between. This lateral variation is confirmation that the (1997,
SCM signal features are not induced by proximity to the gate?Y. Taur, C. H. Wann, and D. J. Frank, Tech. Dig. - Int. Electron Devices
oxide and poly-Si gate, which are constant across the changgﬂest-’;sg\(llggfﬁb Nillc, O. Xiang, W. Wang, 3. X. An, and M. R. Li
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nel length. Further, in Figs.(8) and Ze) there are bright Tech. Dig. - Int. Electron Devices Meet., 658999,
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device features located above. In addition, a significant Aéngg'f('gggg” Devices Meet., 42000; IEEE Trans. Electron Devices
asym_metry in the two lobes is evident. The sc_)urce—3|de Io.basv. V. Zavyalov, J. S. McMurray, and C. C. Williams, J. Appl. Phgs,
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nal, indicating a more localized implant of lower doping as °H. Edwards, V. A. Ukraintsev, R. San Martin, F. S. Johnson, P. Menz, S.
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