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Abstract - We present, for the first time, a new CV based technique to
extract the Active Dopant Profile under the spacer in thin film FDSOI
devices (CV-AJP). The methodology is successfully applied to FDSOI
devices fabricated at 500°C for 3D sequential integration. It shows that the
lon/ lorrtrade-off relies mainly on the chemical dopant introduction below
the offset spacer, as the activation level obtained with thermal activation
is found to be high enough. The LT device demonstrated in this work,
already outperforms the literature. The active profile extraction also allows
to draw guidelines for further device performance improvement: using a
scaled SiCO spacer (5,5nm) allows to circumvent the negligible dopant
diffusion at 500°C without dynamic performance penalty due to its low-k
dielectric value.

Introduction - 3D sequential integration requires that the top device is
processed at Low Temperature (LT) (<500°C) [1]. At this temperature, a
key challenge is the activation of Raised S&D (RSD) dopants done by
Solid Phase Epitaxy Regrowth (SPER). However, dopants located beneath
the offset spacers are thermally activated. Literature on the activation level
at 500°C is very poor and extrapolations of activated levels at 500°C lead
to widely scattered values [2]. In addition, the activation level is highly
dependent on the Si interstitial concentration present in the region. Due to
the specific proximity of the interstitial sinks in thin FDSOI accesses [3,4],
the activation level can vary significantly. To evaluate the efficiency of
LT activation under the spacers, we developed a novel technique called
CV-AJP to extract the junction active profile in FDSOI devices using
Capacitance Measurements combined with pure electrical TCAD
simulations.

Extraction of junction active profile - The measure of (Cov), i.e. the
Gate to Channel capacitance (Cc-cw) in the depletion regime, is frequently
used to compare the position of the junction between devices with
equivalent geometries. This is generally done by extracting a single Cov
value at Ve=0V (Fig. 1). However this method can be misleading as Cov
is not constant over V. It strongly depends on the dopant concentration
profile as explained in Fig.2. Basically when Vg is reduced, a depleted
region is formed beneath the spacers shifting the conductive region in the
direction of the S/D. This phenomenon results in a reduction of the inner
and outer field capacitance, all the more important as the doping is low
(Fig. 1 (right)). Interestingly, this effect can be used to extract the true
junction profile on FD-SOI devices, as illustrated in Fig. 3 & 4. To do that,
we first compute, the variation of Cov as the function of the Overlap
position (Ov), by means of 2D electrostatic simulations using the same
values of EOT, Tsi, Lc and spacer permittivity as the device. The S/D
junction is here considered as abrupt and metallic, leading to a single value
of Cov, independent of Vg, at each given Ov (Fig. 3). Then, this unique
relation Cov Vs Ov is combined to measured values of Ce-cH, subtracted
from the parasitic capacitance (Cear), to deduce Ov(Va) (Fig. 4). Cear
denotes mainly the Ve-independent 3D Gate-to Contact parasitic
capacitance, and is directly deduced from the difference between
measured & simulated CV in the inversion regime. Finally, we derive the
dopant concentration as the function of the overlap, from the derivative of
Ov(Ve) in the depletion regime (Ve<VT) using Eq. (I). Fig 5 highlights the
suitability of the technique to extract the dopant profile (Np) in FD-SOI
devices: the simplified expression (1) perfectly reproduces the Gaussian
profiles entered as inputs in TCAD simulations. Moreover, Fig. 6 reports
the sensitivity of the technique to the Cpar evaluation, the only parameter
of the method. A 10% error in Cear leads to a 0.75nm variation in the
overlap position, but hardly affects the density of Np dopants. This
demonstrates the robustness of the CV- AJP method for the quantitative

assessment of the true concentration of electrical active dopants. The
potential of the method is further highlighted in Fig. 8. The profile of
active dopants extracted with the CV- AJP technique well agree with the
as-implanted chemical profiles (Fig.7) given by KMC simulation.

LT Device fabrication — Fig. 9 shows the LT (<500°C) N-FDSOI
device process flow fabricated with <100> oriented channel (Tsi=6,5nm).
The gate stack consists of a HFO2/TIN (EOT=0.91nm) with UV
nanoseconds laser anneal (UV-NLA) for poly-Si activation. Low-k SiCO
spacers (er=4.5), Si Raised Source Drain (RSD) epitaxy followed by SPER
activation @ 500°C are carried out. Various implantations conditions
(energy and dose) using phosphorous (S1-S5) have been studied (Fig.10).
High Pressure Deuterium (HPD2) and a tensile CESL are also included.
Final device (Le=27nm) cross-section HRTEM is displayed in Fig.10.
Optimization of LT junction profile — Fig. 11 & 12 show the CV
capacitances measured for four (S1-S4) variants and the corresponding
active donor profiles extracted with our CV-AJP technique. The key
features are that (1) increasing the energy or the dose allow the dopants to
extend closer to the gate while reducing the abruptness of the junction (2)
the majority of dopants implanted on the crystalline region are thermally
activated (Np>2.10%° cm3) by the 500°C anneal (Fig. 13). The technique
is then used to analyze the device performance and to draw guidelines to
improve it. Fig. 14 &15 first shows that extending the junction over the
spacer (reduced underlap region) also increases DIBL and V(L)
magnitude because of the increase of SCE. For S1, an abnormal behavior
is yet observed, and due to the fact that this device with the lowest Np
density becomes highly sensitive to the repealing effect produced by a
small amount negative charges in the spacer [5]. Then, access resistance
Racc is extracted using the modified Y2 method [6] and plotted as the
function of the junction position for the 4 splits (Fig 16 &17). The benefit
to reduce the device underlapping by optimizing the P implant is twofold
on Racc. It allows to (1) strongly decrease the Rocomponent independently
of Ve & (2) also to reduce the sensitivity of this resistance to gate bias,
resulting from a reduced control of the gate potential over the spacer
region (Fig. 18). Finally, Fig. 19 & 20 show new FOMs of lorr and lon,
plotted as the function of overlap position. The key feature is that both
follows a single trend with Ov. lorr exponentially increases as SCE
becomes important, while lon rises almost linearly mainly due to the
combined effect of Racc & Vr reduction. From this picture, we could
predict that reducing the underlap of 1.5nm could lead to lorr=10"% A/um
& lon=900pA/um for this LT technology. This can be achieved either by
increasing energy/dose of P implant or by reducing the thickness of the
spacer of 1.5nm. However, the first solution attempted here (S5) has not
been successful leading to partially recrystallized access. Indeed an almost
vertical amorphous/crystalline interface below the spacer cannot properly
acts as a seed for the SPER at 500°C [7]. Nevertheless, the optimization
made here with the S4 variant leads lon=940pA/um @lorr=100nA/pm
that already outperforms our former and literature results for LT
technology [8] (Fig. 20).

Conclusions - The CV- AJP method proposed in this paper offers the
unique opportunity to quantify directly the density of electrically active
dopants in thin film FDSOI device junctions with nanometer resolution,
which is not possible so far even with complex and costly physico-
chemical characterizations like SSRM. Thanks to the technique, it is
shown that a high activation level can be achieved without pre-
amorphization of the thin critical region in LT devices, and that junction
can be finely optimize to achieve record lon/ lorr performance compared
to the state of the art for Low Temperature technologies [8,9] (<500°C).


mailto:tadeu.motafrutuoso@cea.fr

3.0 4 CG-CH (l‘Flcmz) 14 C:G-CH (IJF/CmZ) Spacer -?aie: PRl COV = Couter + Cinner
1 outer - i {3
;g {same C,, at \ o 7 HE:_K vs Overlap (uF/cm?)
UV, =0V N
154 . 1] S B\
l O | TCAD ] i 0V1 — inner1 i
3 ' . . Box
05 00 05 10 S |
v - Polysilicon
— G'(Y();'t —— —T—TTT 102 ] © : Np | 1 Couez f="" " Tin ] !
102 4 Pacerl ate o 7 Np | @ e @V=-05V 1018 4 ./ HighK |
19 3 No (fem?) /em? 19 ! ! o 7 I
100 {7 s AV 2222 (M 10077 VA Ov to|  Cimen .
7531135753113 F5 20 -0 0 10 20 — Bx 6 4 2 0 2
Position (nm) Position (nm) Position (nm) onm 10nm Overlap (nm)

Fig.1: Simulation of the FDSOI Ce.cHfor different  Fig.2: 2D TCAD simulation of the N-FDSOI device for V<0. (a) Fig.3: (left) Fringe capacitance for two overlaps considering a metallic
S/D Np profiles. Coy @Vs=0 can be misleadingto  S/D Np profile & electron density mapping (b) e” density vs ch. and abrupt junction (right) Cov(Ov) is computed from CV TCAD
represent the S/D overlap position, as it is highly  position. Cecn is reduced due to the formation of a depleted simulation with the same EOT, Tsi, Le and Spacer permittivity as the

dependent on the dopant density in the junction. region in the S/D junction area (c) 1-D profile of (a) and (b). device to obtain the variation of the depleted region wrt V.
Np *1 (‘jm‘(V(’.J - n 10 T T T T T T T 5 =T T T T T T T T T G T '(I:h T 'I T
2q-W-Tsi-dOv(Vg)/dV, ND | Profile: 4 ~ Profile: 4 Lc',':?e'ntr:tf';:‘a(mc)
5 T T ——T—T 5 » " ~sj 2 !
Cov(HF/cm?) C., Vs Ov (1‘020/cm3) :— Sim 34 Simulated Np (/cmM?) [symbols: Activated
ov N o Extracted & Extracted ] Poly | 20 Jconcentration (Extracted) 4
4d=c__ic.. 11 4 L | \ 510% 1
TYGCH PAR . | 24 Erroron . E PREEE " Lg=27nm
3 1 - - % ~ 5 Cpar=-10% | o X
- 3 M +10% .
2'_ 4 _ _ 11 % .%&\ 14 1.5nmm ] i : __.
1] | :Cov(VGi). ] N . : S N variation 1 y .recrys\anlzaw High-K] ND
Ll N - 203y ) 10% 102°/cm3)"—F OD
o ]pepletion Ov(VG,) 0 0.1 JSpacer Gate A Np (10%/cm’) 1 o - 7 cristaline " 01
0« 1 5 0510 75311357 765-4-3-2-1 B2 76-5-4-32-10
Vg (V) —= Ov (nm) Position (nm) Position (nm) -15-10 -5 0 5 (nm) Position (nm)
Fig.4: lllustration of overlap as function  Fig.5: Extraction of Np profile from Fig.6: Robustness evaluation of profile Fig.7: KMC  Fig.8: 1D Np predicted by LKMC

of Vg obtained from interpolation of Ce.  simulated Ce.ch for different S/D  extraction. A 10% error in Cpar leads to a simulation of an  simulation vs electrically active
cH with Cov(Ov) from fig. 3. Np is profiles. Simulated and extracted 0.75nm variation in the overlap position, but S/D as implanted  doping concentration obtained from

obtained from the derivative of Ov(Ve).  results are in good agreement. ardly affects the density of Np dopants. rofile. capacitance measurements.
btained from the derivative of O | 'gdg hardly affects the density of No d profil it t
4.0 T T > ] T T T T T T T T T
Y1Cs.ch (MF/cm?) b Eletrically Np>10%
';?Mer::::"“ Hioz znm \ 3.5 {Symbols: Meas . Active Np Alfy“;?,téo;
(___Gatestack  } : 1 1
P in-situ doped a-Si 70nm ,, . Lines: TCAD (1 02°Icm3)
Laser ns annealing + CMP 3.0 {simulation of ﬁgv . 14 E N Thermal — |
([ Spacer&etch ] ¢ 5icO 400°C spacer 7nm 2 extracted Activation
' 2.5 {profile Aé" . %;;verlap @1 K Ren 500°C ]
. =1 v Sl 2.10"
p Si500°C @g,
P implantation o o S2 | && ‘ e
 SPER 500°C 30min .2 83' TR dierface Reon ) Rou
(____ Spacer ] * TEOS - SiN 480°C spacer S5F T 0.1 —T T T T - - . . r
$ NPt 10% mm 05 00 05 10 6 5 4 -32-10 .15.10 5 0 5
Fig 10: HTEM Low Madium Vg (V) Position (nm) Fig.13: Sketch showing the
_mnﬂ_ proz Of a 27nm :i :::::: e F19:11: Measured CV for the 4 Fig.12: Extracted No profiles for S1-S4. two mechanisms involved on
FDSO' LTB = il G variants S1 to S4 on Le=27nm. High Np concentration >10'° are achieved, the activation of dopants in
Fig.9: Key steps involved MOSFET. = o i The depletion domain is used to  proving that dopants under the spacers canbe the  amorphized  and
on the LTB process flow. 8 extract Np profiles. 2e(l)ectrlcal ly actlvated wnhm a 500°C process crystalline regions of S&D.
T T T T T T T T T T T
209581 mv) | 550 1 Charges 1 7\ Racc (kQ.pm) ] V( Ro (kQ um) Racess ' e (10%/cm?)
54 _under spacer 64 g 4 15- 17 reductlon, Ve-Vr = 1.0V ]
sa A ~— . o HeEIT oYY
100 1 5 Raee = Ry + o—— \ A
P 1 Vi — Ve \ 014s1¥.1 " VerVy =02V,
Spacer 53/ 5004, 1 440v= Overlap 1 1.04 o 1 T } : -
80 charges p 1 Normal SCE 3 -4.6 nm *——______: S2 < ISpa(:eriGate j )
-—_ / behaviour ] _ R ] i ) 4 14 ! p
ol = o7 7 5 ] 404 { 21— Qv=camm [Rom - - 105 o= ~a SAN VerVr = Lov
1s1 S2 1 VT m JOv =-3nm o
— sa_ UM (mv) i o= . = — 00 ———r 01{R,.....cte’ Ve-Vr = 0.2V.
5 4 3 2 0.1 1 0.2 0.4 0.6 0.8 5 -4 3 2 : - . !
VARY, -5 0 5 10
Ov (hm) Lg mask (um) Vi (V) Ov (nm) Position (nm)

Fig.14: DIBL vs Overlap. SCE increases Fig.15: Vit vs L. Abnormal Fig.16: Access resistance from Y2 Fig.17: Ro component Fig.18_: Electrop d_ensity from TCA_D for S1 & Sz_l.
with overlap. Unusual variation of S1 variation due to spacer method [6] vs Ve-Vr. Underlapped ind. of Vg vs overlap Ro  The h_lgher variation of access resistance on S1 is
can be explained by the presence of charges vanishes when devices exhibit the highest variation strongly reduces when explained by a higher control of the region under

charge under the spacers [5]. underlap is reduced. of access resistance with V. underlap is reduced. the spacers by the gate voltage.
107 v T T T ™—TT 1.0 T T T T T -6 /O v References:
. :
, 110% Afum PO 0.8 ]-900uAm 2 B 4 .':;T;’"j’v‘::,:“"‘ 53 [1] P. Batude et al., IEDM 2022
O X Clve=tv osa T £ % +150m ~ 2 02 am”|  [2] P. Pichler, Intrisic Point Defects,
] Ve=ov - v =av ] = < =X Impurities, and Their Diffusion in
10° _ s4 7 | 0.6 D S3 _, 15nm ! < -84 < [919/ , 7B ] o . .
1Vo=1V At . 1 @ I = P . AT Silicon, Springer-Verlag Wien New
s3 . | _ 7 N - x +10% York 2004
1010 1.5nm | 04 S2 | re L I A or
1, 82 O . 02 y=g pneomplee ! = NMOS [3] B. Sklenard et al., ULIS 2012
11 o I 2181 s57 2 _ 4] C. Xuetal., IWJT 2012
i B lore (A) 1 1 00 v Isat (LA/HM) \O 2 -1049=s4 Vpp=1V 4 [ ] . Mota Friifuoso et al., IRPS 2021
5473 2 10 1 Y5273 27101 600 700 800 900 [6] R. Berthelon et al., VLSI 2017
[7] J. Micout et al., S3S 2017
Ov (nm) Fig.20: Saturation éar\(egprﬂ)Overlap. Isar lsar (HA/UM) [8] L. Brunet et al., VLSI 2021

Fig.19: Off state current vs Overlap. A shift
of the overlap of 1.5 nm from S4 is
estimated to obtain lorr equals to 108 A/um.

; - g Fig.21: Summary of the-state-of-the-art Isat/lorefor 191 A. VVandooren et al., VLS| 2020
Increases W't.h. ovgrlap until in S5 where LTB MOS technologies. Thanks to Ov optimization [
implant condition is too strong for complete

recrystallization [7]. (S4), record lon @lorr100nA/pm is achieved.



https://ieeexplore.ieee.org/document/6193384
https://ieeexplore.ieee.org/document/6212812
https://ieeexplore.ieee.org/document/9405107
https://ieeexplore.ieee.org/document/7998180
https://ieeexplore.ieee.org/document/8309220
https://ieeexplore.ieee.org/document/9508753
https://ieeexplore.ieee.org/document/9265026

