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1. Introduction

For continued scaling of MOSFETs to the 45-nm
technology node (TN45) and beyond, it is becoming
increasingly difficult to control the short-channel effects.
An obvious way to minimize the short-channel effects is
the use of extremely shallow source/drain extensions
(SDEs). However, an excessive reduction of SDE depth
inherently increases the sheet resistance (R;) and may
degrade the device performance. How to fabricate such a
shallow and abrupt junction is also a serious problem.
Because of these reasons, the possibility of extremely
shallow SDEs has not been fully investigated yet.

In this work, we show by device simulations together
with some experimental results that aggressive reduction of
SDE depth leads to better performance of bulk MOSFETs
for TN45 even if the resulting R of SDE becomes higher.
In particular, it is demonstrated as an extreme case that a
device with SDEs consisting of inversion layers induced by
intentionally placed surface charges has sufficient drive
current and excellent immunity to the short-channel effects.
We call this device structure a charge-transfer-doped SDE
MOSFET (CTE-MOS).

2. Device Simulation

Classical 2-D simulations based on a drift-diffusion
model were performed using the MEDICI simulator [1] for
n-type MOSFETs with n* poly-Si gate, with both the gate
depletion and physical gate height being neglected.

We considered three types of device structures for the
conventional bulk MOSFET (conv.MOS) and CTE-MOS: a
high-performance (HP) device with uniformly-doped
channel (HP-UD), a HP device with halo regions
(HP-HALO) and a low-operating-power (LOP) device with
super-steep-retrograde channel (LOP-SSR). The device
parameters used here are based on the specifications for
TN45 in the ITRS [2] and listed in Table I. The mobility
improvement factor specified in the ITRS was not
considered. The SDEs of the conv.MOS had box profiles
with a concentration of 2x10* cm™>, while the
inversion-layer SDEs of the CTE-MOS were formed by
placing surface charges with a density of 3x10" cm ™ as
shown in Fig. 1.

Table I Device Specifications for the 45-nm node
Lnom [nm] tox [nm] Vbp [V] Toff [A/ pm]
HP 18 0.65 0.6 3x10°
LOP 22 1.0 0.8 1x10~°

HP: High Performance, LOP: Low Operating Power

The simulation was performed to properly evaluate the
device performances, taking into account the short-channel
effect on the drive current (I,,) as follows [3]. The gate
length fluctuation was assumed to be +20% around the
nominal value (L,,m). The impurity concentrations of the
substrate N, for HP-UD, the halo regions for HP-HALO,
and the SSR region for LOP-SSR, were set so that I in
each case was equal to the I specification for TN45 at the
shortest gate length, L— (80% of L,,,). Then, I, at the
longest gate length, L+ (120% of L;y), which corresponds
to the maximum circuit delay, was calculated.

3. Aggressive Reduction of Conventional-SDE Depth

When the SDE depth (X;) of conventional MOSFETs
for HP-UD (Fig. 1 (a)) was reduced from 9.5 nm (the ITRS
specified value) to 2 nm while keeping the impurity density
of 2x10*° ¢cm”, the I, at L+ was improved by ~27%
although R, of SDEs increased by ~400% (Fig. 2). This
improvement is attributed to two features shown in Fig. 3.
One is that the shallower SDE reduced the threshold
voltage (Vy,) shift for the gate length change from L— to L+
(AVy), leading to the larger gate overdrive at L+. The other
is that the substrate impurity concentration Ny, also
decreased with SDE depth, resulting in the improvement of
the carrier mobility in the channel. Actually as shown in
Fig. 4, as X; was reduced, the decrease of the channel
resistance canceled out the increase of the SDE resistance,
resulting in the decrease of the total resistance at L+.
Consequently, aggressively shallow SDEs can improve the
I,n at L+ in spite of their higher resistance.

We also confirmed that the same conclusion holds for
the LOP devices; the I,, at L+ was improved by ~35%
when X; was reduced from 9.5 nm to 2 nm.

4. Performance of CTE MOSFETs

The above results lead to the conjecture that the
CTE-MOS which has the inversion-layer SDEs as
illustrated in Fig. 1 (b), could exhibit better performances.
Thus we estimated the R of inversion layer induced by
ionized impurities located in SiO, layers grown on the Si
surfaces. The resulting R; of electron inversion-layer
reaches a minimum value of 2-20 kQ/1] at a
positively-ionized impurity density of around 1-4x10"
cm * (Fig. 5). This is because as the sheet density of the
ionized impurity increases, the increase of carrier density
competes with the mobility degradation due to the increase
of the effective electric field at the interface. We confirmed
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experimentally the generation of electron inversion-layers
by employing Cs ion implantations into the thermal oxides,
as shown in Fig. 5. The observed R, is close to the
simulated values indicating that the n-type CTE-MOS is
actually feasible.

On the basis of the above results, we simulated the
performance of the CTE-MOS for HP45-UD; the results
are compared with those of conv.MOS in Figs. 2-4. These
results indicate that the CTE-MOS corresponds to the
conv.MOS with ultimately shallow SDEs and shows the
best performance among the device structures considered.

We also compared the I,, at L+ and AVy of the
CTE-MOS to those of the conv.MOS with Xj = 9.5 nm for
HP-UD, HP-HALO and LOP-SSR (Fig. 6). As seen, the
CTE-MOS exhibited the better performance: 1.3 times I,
and 1/2.6 of AVy, for HP-UD, comparable I, and 1/3.5 of
AVy, for HP-HALO, 1.4 times I,, and 1/2.6 of AV, for
LOP-SSR. The similar results were obtained as well for
HP-UD and LOP-SSR when the assumption for the gate
fluctuation was reduced to +10%, indicating that the
CTE-MOS is an attractive device structure for miniaturized
MOSFETs. The inversion-layer SDEs induced by sub-gates
were already reported [4]; however, the CTE-MOS is more
advantageous in terms of smaller parasitic resistance and
capacitance as well as smaller number of process steps.

5. Conclusions

We simulated the drive current of the 45-nm technology
node devices, assuming that the gate length fluctuation is
+20% and the maximum I; within the fluctuation should
suffice the ITRS specification. As the SDE depth of the
conventional MOSFET was reduced under the fixed
impurity concentration, the I, at the longest gate length
(L+) was enhanced in spite of the SDE resistance increase.
This result suggests that the CTE-MOS with inversion layer
SDEs is a preferable device structure. Actually, the I, at L+
of the CTE-MOS was larger than that of the conv.MOS.
The formation of electron inversion-layers by Cs implanted
in SiO, confirmed the feasibility of CTE-MOS.
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Fig. 1 Schematic structures of the
simulated devices for HP-UD:
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Fig. 2 Drive current and sheet resistance
a function of SDE depth for
conv.MOS (open symbols), together with
the results of CTE-MOS (solid symbols).
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Fig. 3 Threshold voltage shift and
substrate impurity concentration (Nsub) as
a function of SDE depth for conv.MOS
(open symbols), together with the results
of CTE-MOS (solid symbols).
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Fig. 4 Series resistance between source and
drain regions, divided into the channel and
the SDE components.

Fig. 5 Sheet Resistance of electron
inversion-layers as a function of the
ionized impurity density. Results of
simulations and experiments using Cs.

Fig. 6 Relation of drive current at L+

and threshold voltage shift for three
types of conv.MOS and CTE-MOS.

- 419 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




