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Abstract— In this paper, we demonstrate for the first time a  sharp transition from the lightly doped surface to the heavily
high-performance and high-reliability 80-nm gate-length dynamic  doped substrate, has been proposed for transistors with channel
threshold voltage MOSFET (DTMOS) using indium super steep length smaller than 0.Lm [3]-[5]. The SSR scheme allows

retrograde channel implantation. Due to the steep indium super - L : L ..
steep retrograde (In-SSR) dopant profile in the channel depletion the transistor to exhibit a high driving current characteristic

region, the novel In-SSR DTMOS features a low, in the off-state  Of the lightly doped surface channel with a low surface impu-
suitable for low-voltage operation and a large body effect to fully rity scattering, while also simultaneously preserving a good

exploit the DTMOS advantage simultaneously, which is not pos- 1/, -roll-off behavior due to a reduced channel depletion width
sible with conventional DTMOS. As a result, excellent 80-nm gate which improves punchthrough control. Indium dopant with its

length transistor characteristics with drive current as high as 348 low diffusi fficient at elevated t i is Kk 0 b
pAlpm (off-state current 40 nA/gm), a record-high Gm = 1022 ow diltusion coeificient at elevaled temperature 1s known 1o be

mS/mm, and a subthreshold slope of 74 mV/dec, are achieved at 0.7an ideal candidate to form SSR profile for subquarter-micron
V operation. Moreover, the reduced body effects that have seriously NMOSFETS.

undermined conventional DTMOS operation in narrow-width de- On the other hand, the power supply voltaggp, is scaling
vices are alleviated in the In-SSR DTMOS, due to reduced indium yown at a faster pace than threshold voltage scaling. This has

dopant segregation. Finally, it was found for the first time that - . .
hot-carrier reliability is also improved in DTMOS-mode operation,  esulted in current drive reduction and therefore speed degra-

especially for In-SSR DTMOS. dation. To improve the current drive capability of MOSFETSs
- at low supply voltage (e.g¥pp < 0.7 V), Assaderagtet al.
Index T —DTMOS, indium, -steep-ret de (SSR .
ch;nneé(l. erms indium, super-steep-fetrograde ( ) [6] proposed the use dynamicThreshold VoltagdMOSFET

(DTMOS) for ultralow voltage applications. By shorting the
gate to the body, th&;, in DTMOS mode is reduced in the
|. INTRODUCTION on-state to boost the current drive; while the device exhibits the
S MOSFETs scale to subquarter-micrometer reginfg®@rmalVy, in the off-state to maintain a low stand-by power.
and beyond, an effective way to improve subthresholthe DTMOS scheme thus appears to be very promising for
turn-off and to alleviate short-channel effects (SCEs) is foture low-power and high-speed circuit applications, since it
increase the substrate doping. A uniform increase in substrif@roves the circuit speed without compromising the stand-by
doping, however, suffers from undesirable channel mobili§ower. Previously reported DTMOS's, however, suffer from a
reduction, junction capacitance increase, and high threshémall body-effect-factory) [7]. This is because the norme,
voltage. To circumvent these shortcomings, MOSFETSs withsglitable for lowVp p operation is usually too small to be com-
retrograde channel profile have been proposed [1]. In a retitible with a high substrate doping concentration, resulting in a
grade channel, the peak substrate doping is positioned bené@ithy. A low ~ prevents the DTMOS from enjoying a lar§fg,
the surface, leaving a lightly doped surface channel regié@duction in the on-state, thus minimizes its gain in on-state cur-
[2]. Super-steep-retrograde (SSR) channel, which featuregeat-drive during DTMOS-mode operation [7]-[10]. Recently,
we have proposed a nhew DTMOS using an SSR channel pro-
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devices with BE-implant (at 50 keV,6 x 102 cm~2) were —¥— InDTMOS-mode
. —— BF,-DTMOS-mode
also processed in the same lot to serve as the control. A 2.6-nm
gate oxide was grown using rapid thermal oxidation (RTO) at e D e b b b b b e Ly
850 °C, followed by the deposition of a 200-nm polysilicon 0 20 40 60 80 100 120 140 160 180
gate. After gate patterning, a 20-nm offset-space (i.e., a narrow DIBL (mV)

spacer) was used to reduce the gate-to-drain capacitance and

suppress the short channel effects. Ultrashallow S/D extensiGis4. Thegm versus drain-induced-barrier-lowering (DIBL) for In-SSR and
were then formed by a 4 keV As implant, followed by a boroRFz-implanted de:vices, both under standard- and DTMOS-modes. The DIBL
pocket implant (i.e., 20 ke\, x 1013 cm~2, tilt angle 20). Af- taken betweed'd = 0.1 and 0.7 V.

terwards, a 0.:m sidewall spacer was formed. Then, a deep

source/drain junction was formed by As ion implantation at 401 In-SSR sample, compared #ox 10'7 cm™ for BF,-im-
keV. Finally, wafers were annealed by rapid thermal processiRnted control.Vy, roll-off characteristics are shown in Fig.
(RTP) at 1000°C for 20 s, followed by CoSi salicidation. 3. The threshold voltage is deduced frofmn.,.x method
Wafers were then processed through a standard backend flo@td’d = 0.1 V. It can be seen that short-channel effects are
completion. The device structure of 80-nm gate-length In-sSiectively suppressed in In-SSR DTMOS due to a smaller

DTMOS is shown in Fig. 1. drain depletion layer. In addition, In-SSR devices also depict
a largerV},, reduction under DTMOS mode, compared to.BF
IIl. RESULTS AND DISCUSSION counterparts, due to a larger body effect factgy. (It has

also been explicitly explained that SSR DTMOS shows the

A. Short-Channel In-SSR DTMOS Performance improved~ and hence performance [8]. It is worthy to note
The resultant channel profiles measured by the secondamre that the amount dfy;, reduction in 80-nm gate length

ion mass spectroscopy (SIMS) for In-SSR and conventior@ggvices are 40 mV for In-SSR DTMOS, compared to 18 mV

BF;-implanted samples are shownin Fig. 2. The channel profileess BF; DTMOS, despite the fact that thg;, of In SSR device

are measured after all processing steps. Compared 4arBF is smaller than that of the BFcontrol. Fig. 4 compares the

planted control, In-implanted sample exhibits a well-behaveshturated transconductanc®+.sat) versus drain-induced-bar-

Gaussian profile, in which the surface doping concentrationrigr-lowering (DIBL) for In-SSR and BEimplanted devices

low while the concentration underneath the channel increasegh under standard- and DTMOS-modes at 0.7 V operation.

abruptly. The surface channel concentration is10'” cm™2  For the standard-mode operation, In-SSR device depicts better
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Fig. 5. TheGm-V ¢ characteristics for In-SSR and Bfmplanted devices,

both under standard- and DTMOS-modes. The gate length is 80 nm. Fig. 6. Subthreshold swing as a function/af for In-SSR and BE-implanted
devices, both under standard- and DTMOS-modes.

characteristics than the Bimplanted counterpart, and can

be attributed to its super steep channel profile. While for the 400 U BN I L I BRI B
DTMOS-mode operation, In-SSR DTMOS also depicts higher = <. x 3?;2”‘:0‘?*“":@ X igg;hgﬁn“l‘(‘)’j:
saturated@m for a given DIBL, compared to BFDTMOS. £ - slandardmoce

Furthermore, the improvement of In-SSR DTMOS is higher 2 300 | Lg=80nm

than that of B DTMOS. We believe this is again due to the g

higher substrate doping and a larger body factor in In-SSR ‘;’ 250 -

device. This is because the larger body factor of In-SSR & -

DTMOS will lead to a larger current drive increment, and @ 200 3

therefore a higheiGm improvement. Furthermore, a larger ;‘ 150 E

body factor of In-SSR DTMOS will also result in a more Q) C

effective reduction in the drain depletion layer, and therefore & 100 £

more effective DIBL suppression. In fact, a record higm g F

of 1022 mS/mm was achieved at 0.7 V operation for the & 50 f

80-nm gate-length In-DTMOS, as shown in Fig. 5. In addition,

&
(((((((((((((((((((((((((((
e

the Gm ratio (Gmprmos/GMmstandara) are 1.34 and 1.21 0.0 04 0600 02 04 06

for In-SSR and for BE devices, respectively. It is worthy

to note here that the off-state current of In-SSR DTMOS is (a) (b)

larger than that of BEDTMOS (i.e., 40 nAL/m compared vd (V)

to 31 nAjum) due to the smalleV;;. In general, lowV;,

devices also show a small body effect (Jamma) and thGi§. 7- Drain current of (a), BFimplanted, and (b) In-SSR devices, both
reduce the dynamic efficiency of DTMOS. On the contrarﬁqge&?@nﬂagji?,ngtEpTS'\_AOS'mOdes'The gate length is 80 ywaries from
In-SSR device shows the combination of Id#; and high

body effect simultaneously (i.e., higher dynamic efficiency%

which allows a full exploitation of DTMOS. The subthreshold"® putput characteristics of 80 nm BESR and In-implanteq
swing factors are plotted as a function of channel lenkgh devices both under standard- and DTMOS-mode operations.

in Fig. 6. It is interesting to note that In-SSR devices act]-"€ 9ate voltage is varied from 010 0.7 V'in 0.1 V steps. The
improvement in current drive (measured 8y = Vg = 0.7

ally depict worse subthreshold swing than the,Bfplanted ! o )
counterparts under standard-mode operation. This is becaljsét® ©© DTMOS-mode operation are 18.8% and 32% for

of a shallower channel depletion layer in the indium-implantéar2"PTMOS and for In-SSR DTMOS, respectively.
channel, resulting in a larger depletion capacitance and there-
fore a larger subthreshold swing. However, the subthresh&td
swing of the In-SSR devices operating under DTMOS mode isFig. 8 shows the body effects of NMOSFETs with In-SSR
significantly improved, and becomes even better than that afid BR-implant (i.e., control). The device threshold voltage
the BR-implanted controls operating under DTMOS model,, is plotted as a function of the body bias for long channel
due to a largery. This is because as th€g increases, the transistors with narrow- and wide-channel widths. We found
V1, decreases more aggressive for a largddTMOS, thus that theV}, of In-SSR split is more sensitive to body bias (i.e.,
the drain current increases more rapidly, resulting in a shatpdepicts a largery) for both wide and narrow transistors,

1d-V g slope (i.e., better subthreshold swing). Fig. 7 showmmpared to BE-implanted control. This is primarily due to

Narrow-Channel Characteristics
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Fig. 9. Gm ratio andy versus gate width for BFimplanted and In-SSR

DTMOS. BF.-DTMOS shows Gm ratio degradation in narrow-channel

Fig. 8. Dependence of threshold voltage on the body bias feriBfplanted devices.

and In-SSR devices with channel width of 0.22 and2. Inset shows the result

for short-channel devices with/WW = 0.13 pm/10gxm.
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the steep indium dopant profile in the channel depletion layer,
as has been confirmed from SIMS analyses (shown previously 40
in Fig. 2). In addition, thé/};, of In-SSR devices show a less
dependence on channel width, compared to-BRplanted
controls. In the insert of Fig. 8, we plot tHg;, as a function

of body bias for a short channel (i.e., 0.L81) device. It is
found that In-SSR device indeed depicts a larger body effect,
albeit its V;;, is lower than that of Bk-implanted control.

It is worthy to note here that we have chosen an indium 10 B SN
implant dose ofl x 10*2 cm~2, because it has been previously M
1 i .~ - .

reported that the achievable body effect factor saturates at
around this dose, with a corresponding doping concentration 20 40 60 30 100
of no more than 78 x 10'7 cm™3 [12]. In addition, the
Vin oOf IN-SSR devices are larger than BEevices in long
.Channel region (i.e., .1QLm)’ .an.d Sm?”er than BFdevices .10. Hot-carrier degradation of 80-nm gate-length standard and DTMOS
in short channel region. This is mainly because the In-SSRices.

devices suffer from indium de-activation. So thg, (standard

device) shows a long-distance roll-off behavior which have ) o

been reported previously [12]. Fig. 9 shows the plot of linedr- Hot-Carrier Reliability

transconductanceGin) ratio (Gmprmos/GMstandara) and Hot-carrier reliability of In-SSR and BFimplanted 80-nm

the body effect factor+) versus the coded channel widthgate-length devices both under standard- and DT-modes has
Weodea fOr both In-SSR and BRimplanted controls. Comparedbeen investigated. Hot-carrier-induced drain current degrada-
to the BR-implanted counterparts, In-SSR DTMOSs show #ion is plotted in Fig. 10. In-SSR device shows a worse hot-car-
higher Gm ratio and~. More importantly, while the ratio of rier resistance, compared to Bfnplanted control, both under
BFs-implanted devices shows a 6% reduction wiwnoded standard-mode operation. This is consistent with previous liter-
reduces from 2 to 0.22m, a 5.5% increase is found for In-SSRature report that most channel conducting electrons are located
devices instead. The undesirableand V;;, reduction in the inthe lightly doped surface channelin In-SSR device, thus more
narrow-channel devices for the Blimplanted controls are electrons are available for injection into the oxide [14]. Surpris-
believed to be due to the boron diffusion and segregation into tingly, it is observed for the first time that hot carrier degradation
edge in the channel width direction [13]. Since In-SSR DTMOB actually reduced in DTMOS-mode operation for both In-SSR
is less susceptible to such undesirable dopant segregatiormnid BR-implanted control. More importantly, the improvement
can therefore fully exploit the high current drive and lows so dramatic in In-SSR DTMOS that it depicts an even smaller
standby power features of DTMOS, even in narrow-channebt-carrier degradation than Bfimplanted DTMOS control.
devices. This can be attributed to the bulk charge being shared by the high

30
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IV. CONCLUSION

A novel high-performance and high-reliability 80-nm
gate-length DTMOS suitable for low-voltageVgp <
0.7 V) applications has been proposed by using indium
super-steep-retrograde (SSR) channel implantation. The new
In-SSR DTMOS has a large dynamic threshold efficiency at a
low V;;, compatible with low-voltage applications, due to its
low surface concentration and steep channel dopant profile.
As a result, In-SSR DTMOS depicts significant performance
improvements in terms of driving current, dynamic threshold
property, subthreshold swing an@m, which are difficult
to achieve with conventional BFmplanted DTMOS. In
addition, contrary to conventional narrow-channel,Bm-
planted DTMOS that suffers from degraded dynamic threshold
gain, In-SSR DTMOS maintains its high performance in
narrow-channel devices, due to reduced channel dopant seg-

Fig. 11. Simulated lateral channel electric field distributions for both In-SSFegation into the isolation edge oxide. Finally, it is found for

and BR:-implanted devices under standard- and DT-modes.
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the first time that the hot-carrier resistance is improved for
devices under DTMOS-mode operation, especially for In-SSR
DTMOS. The new In-SSR DTMOS thus appears to be a
very promising candidate for future ultralow-voltage ULSI
applications.
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