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Forming of Very Shallow Junction for S/D
Extension in Deep Sub-Micron CMOS Devices

YIN Hua~iang( M) and XU Qiu~xia( 7RHKE)
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Abstract: Very shallow junctions for S/D extension in deep sub-micron CMOS devices are
required to suppress the short channel effect as devices scaling down, and the surface
concentrations (N.) of these junctions need to be kept in a higher value to reduce the series
resistance of the lightly doped drain structure. But it is very difficult for the conventional ion
implantation to meet the requirement above. This article presents the results of forming very
shallow and ultra-shallow junctions used in 0. 25 micron and 0. 10 micron CMOS devices
respectively with low energy implantation ( LEI) and pre-amorphization implantation plus low
energy implantation (PAI+ LEI). The LEI was performed on the modified normal ion-implantor
(IM-200M ). Using LEI only the minimum junction depth, is 61lnm for NMOS and 57nm for
PMOS (Nuwb= 1X10%em™?) respectively after 1000°C RTA and both N. are above 3 X 10"
em” . While using Ge PAI+ LEL under the optimized processing condition, the junction depth of
58nm for NMOS and 42nm for PM OS are obtained, with the leakage current density being 4nA/

2
ocm .
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1 Introduction

Forming a very shallow junction for Source/Drain (S/D) extension and S/D region, is
one of the key challenges in the research and development of the next generation sub-

micron CMOS devices. The junction depth of S/D extension should be reduced to suppress
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the serious short channel effect (SCE) as the gate length becomes shorter. As shown in
previous papers' ", 0. 10um gate length MOSFET is featured 25—50nm junction depth
and 0. 25um gate length featured 70—100nm depth. Simultaneously, N+ should be large
enough to reduce the series resistance of the lightly-doped drain (LDD) structure.

The formation of S/D extension is generally performed with ion implantation after the
gate pattern. The normal commercial ion-implantor ULVAC IM-200M is not capable of
operating the implantation below 25keV. Having modified the system of IM-200M, we
obtain the implantation energy down to SkeV.

It is difficult to fabricate ulira-shallow junctions for S/D extensions in deep sub-
micron CMOS devices only by normal low energy implantation ( LEI). Several methods
have been proposed to create them, such as ultradow energy implantation (< SkeV)'",
implantation with heavier species ( BBrz, Bio His ete.)'™, Solid Phase Diffused Drain
(SP[)I))”',high density plasma ion/gas immersion'®, and pre-amorphization implantation
(PAT). PAT is selected when taking the practical conditions into consideration. The lattice
of Si substrate (Si-sub) should be destroyed by the heavy ions” collisions with Si atoms
during the procedure of PAIL If the implantation dose of PAT is larger than the critical one
in a certain energy, an amorphous layer on the top of Si-sub will be formed. Then, it would
greatly eliminate the light element, such as B'" ‘s implantation channeling'”.
Preamorphization by different elements has been investigated extensively by many
teams'® "', The junction with depth being 70—150nm has been created by PAI with
doping implantations and integrated into the devices” fabrication successfully.

In this study, we performed PAI plus the doping implantation with energy below
10keV (LEI). We have throughly investigated the physical and electrical properties of
shallow junctions formed by BF2*" and As”" LEI in the preamorphized Si-sub, which was
implanted by Ge”* ,Sb"* and In'"" ions. The relation between diode leakage and different
processing parameters are also presented. With the optimized Ge PAI+ BF: LEI and rapid
thermal annealing (RTA), the P-type junction depth of 42nm and leakage current density

of 4nA/cm” are obtained.
2  Experiment

Figure | shows the processing procedure. Samples are fabricated with P-type, < 100
>, P of 35Q * em, Si substrate. At first, p—well and n-well are formed, then samples are
divided into two groups: A and B. Group A forms single P/N~ or N/P~ shallow junctions,
as are used for SIMS analysis, Hall test and Four Point Probe ete. Group B forms diodes,
which are used for leakage current test. There are two subgroups for each group: Subgroup
[ with LEI and Subgroup II with PAT+ LEI, which from shallow junctions and ultra-
shallow junctions respectively. After the junction windows have been defined, Ge™ , Sh'*"
or In'" jons are implanted into Subgroup II without screen oxide. The PAI energies range

from EokeV to 2EckeV and dose levels from 1X10"em™ ” to 1 X 10%em™ > Low energy
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FIG. 1 Process Procedure

The doping concentration profile of shallow junctions are measured with SIMS, from
which we could extract the values of junction depth (X;), project range (R:) and peak
concentration (N) directly. Hall test is performed under strong magnetic field so as to
calculate the activation efficiency of the surface carries precisely and verify the value of
sheet resistance ( Ro) obtained from Four Point Probe. Leakage current characteristic

measurements are carried out on HP4145A Semiconductor Parameter Analyzer.
3 Results and Discussion

3.1 Doping Profile and Junction Depth

Table 1 Data from SIMS Profiles of Different LEI. No Annealing Table 1 gives the results
Practical | Theoretical |  Loss of of SIMS analysis for LEL. T he

Rp/nm Re/nm | Dose/% deviation between practical R,

BF2 8keV 2.5X10"em™? 6 5.8 39.5 and theoretical R, is very
BF2 10keV 2.5X10"%em™? 7 7.3 38.5 small, as verifies the validity
BF2 15keV 2.5X 10em™ 2 13 13.4 39.5 of LEI on the modified

As SkeV 1.5% 10"em” 2 8.5 4.9 32.5 implantor. However, the loss

As 15keV 1.5X10"em™ 2 12.5 12.8 23.5 of implantation dose, which is

As 25keV 1.5X10"em™? 17.2 18. 1 3.5 the difference between the

practical implantation dose
(@', ®'= 2. 5N.AR;) and the presetting one (®),is very distinct and becomes more severe
as the implantation energy is reduced. It is believed to be caused by ion back scattering and
self-sputtering and becomes severe along the peak concentration (N:) of doping profile

coming neares to the surface of silicon when the ion energy decreases.
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The ion mass in PAT should be large enough to make the silicon surface amorphized
totally under the implantation dose being used. In this study, we performed PAI with heavy
ions such as Ge™ , Sb"™" and In'""" respectively. Ge can make PAT in CMOS device be
finished by one-step implantation. By contrast, Sb PAI and In PAI must be performed
respectively to form P/N” and N/P” junctions. However, Sb and In are much heavier ions,
therefore, the critical implantation dose to amorphizing single-crystal Si is much lower.
Moreover, they are of opposite conductivity types comparing with the implanted ions
followed, as will result in a shallowed and abrupt junction.

Figure 2(a).(b) and Figure 4(a) show the doping depth profiles in different LEI and
PAI+ LEI are much shallower than that with LEI only. We set the substrate concentration
of 1X10%em™*, which is corresponding to the punch-through stop doping level while the
channel length shrinking into a deep sub-micron range. As shown in Fig. 2(a), (b) and
Fig. 4(a).after RT A the junction depth of P~ N extensions with Ge PAT (EokeV,5X 10"
em” ) + BF2 LEI(8keV, 2. 5X10"em™ %) and that with Sb PAT (1. 5EokeV, 1X10"em™ ) +
BF2 LEI (8keV,2.5X10"em™ ) are 42nm and 40nm respectively. The values decrease 26.
3%, 29. 8% respectively compared with the junction depth 57nm, of that with BF: LEI
(8keV,2.5X10"m™ ) only. At a lower doping concentration level, the difference betw een
two values is bigger, which contributes to an amorphous layer with Ge PAI, Sb PAI
suppressing the channeling effect of B ion. By contrast the junction depth of N P
extensions with Ge PAT (EokeV,5X10"em™ %)+ As LEI (5keV, 1.5X10"em™ %) and that
with As LET (5keV, 1.5X10"cm™?) are 58nm and 61nm respectively. The depth reduction
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FIG.2(a) SIMS Profile for BF2 and Ge+ BF: FIG.2(b) SIMS Profile for As and Ge+ As Implantation
Implantation Respectively. Implant Condition: Respectively. Implant Condition: As SkeV,
BF2 8keV, 2. 5X 10Mem™ % Ge EokeV, 5% 10%em™ 2, 1.5%10%em™ % Ge EokeV, 5% 10" em™ 2,

RT A: 1000°C for 4 s. RT A: 1000°C for 4 s.
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is about 5% so that we believe Ge PAT has no obvious effect on As LEL. T he reason might
be that As ion has the similar effect as Ge ion in amorphizing Si surface, because of the
almost equal atomic mass. In addition, the junction depth of P-type extensions with Sh PAI
+ LEI can be minimized to 35nm by its halo effect-Sh giving an opposite conductivity type
of carrier against B.

As shown in Table 2, by PAL+ LEI, N. from SIMS and Ro from Four Point Probe
M easurement are both greater than those values of junction by LEI only. Activation
efficiencies of surface carriers after RT A has the same characteristics ( We have defined the
active efficiency to be the sheet carrier concentration (®') from Hall test, which has been
divided by the effective dose (@) from SIMS profiles). The probable reasons are two, one
is that the effect of suppressing ion channeling makes N. increasing; another is the carrier
activation in amorphous layer has different mechanism from that in normal single
crystalline Si. Because Si atom at the amorphous state has more free energy than at a single
crystalline state, it releases the extra energy when the Si state is transforming by
annealing. The energy excites the dopant supplying more carriers and the dopant’s
activation efficiency is improved for tjhe samples proceeded by PAI+ LEIL

Table 2 Comparison Between Processing Parameters of Junctions with PAI+ LEI and LEI
Respectively. A nnealing Conditions: RTA 1000C for 4 s.

No/em™? Ro/(9/0) Active Efficiency/%

BF:z 8keV 2. 5% 10"em™? 2.2x10" | 424 | 48
Sh 1.5E0 1% 10"em™ >+ BF2 8keV 2. 5X10"em™ *em ™ ? 6.5%10" 291 57
Sh 1. 5E0 1 X 10%em™ *+ BF2 8keV 2.5X 10Mem™ ? 610" 305 55
Ge Eo5%X10"em™ 2+ BF2 8keV 2.5X10%em™ 2 3x 10" 410 60
Ge 1.5E03X10"em™ 2+ BF2 8keV 2.5X10™em™ ? | 352

Ge 2E03X10%em™ 2+ BF2 8keV 2. 5% 10%em™ 2 | 274 |
As SkeV 1. 5X10%m? 5.8%10%em™ 2 | 670 | 72
In 1.5E0 1X10"em™ *+ As SkeV 1.5X10Mem™? 910" | 366 | 85

3.2 Leakage Characteristics of Ultra-Shallow Junction

Figure 3(a) shows the dependency of the diode leakage on PAT energy under different
LEI conditions. It can be seen that the leakage (/) (all with | Vi| = 3V) of diode formed
by PAI+ LEI is as several order magnitudes as that with corresponding LEI at the same
annealing conditions. To make sure of the reason, we investigate the relation between I+
under different processing conditions. As shows in Fig. 3(a) /: increases quickly as E,(PAI
energy) increase. We call it critical energy (Eu) when I+ just at the permitted value of 1X
10"°A. It shows that Eu for Sb PAI is less than Ge PAI for 8keV BF2 LEL. By contrast,
once E; is fixed, I+ vs. LEI energy (E1) presents the similar characteristic but different
critical energies ( Eic) for the varied Ei( LEI energy). As Fig. 3(b) shown. the values of Eic
for EokeV, 1. SEockeV and 2EokeV Sb PAI are 15keV, 20keV and 30keV respectively.
However EokeV Ge PAI has no critical energy point, which means I+ is always very small

at all energy levels of LEI It may contribute to the less damage caused by smaller PAI
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energy and ion mass.
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We have also investigated the dependency of I+ on RTA temperature, RT A time and
PAT dose respectively. Similarly as Fig. 3 (¢) shown, there is a ecritical annealing
temperature (T.) for a certain annealing time (4s) where I. is very small, but no critical
time exists at a certain annealing temperature ( 1000C). The dependency of I+ on PAT dose
is not as distinct as that of I+ on both ion implantation energy and RT A temperature.

In fact, different PAI, LEI energy or RT A temperatures can change the distributions
of dopants greatly in the Si-sub. T he relative location between primary doping profile and
PAT doping profiles has great effect on the value of I:. Figure 4(b) shows the simulation
results of doping with Sb PAI plus BF: LEI doping profiles in different processing
conditions ( 1. 5EckeV Sb PAI+ 10keV, 15keV, 20keV BF: LEI) by T-SUPREM 4. 0.
When the doping profile of low energy ion ( 10keV and 15keV BF2, B") is crossing the
doping profile of Sb PAI between its Ry and R+ nAR,, 1. e., PN junction depth is locating
at its end of range (EOR), /. is of a very large value. TEM photo indicates the amorphous/
single—crystalline interface in EOR'™, where there are so many point damages that it cannot
be removed even at the high temperature up to 1050C in several seconds. The residual
point damages locating in depletion area create large production/recombination current. If
reasonable PAT species, implantation energy and annealing conditions had been selected, we

could alter the doping curves and subsequently keep the I« very small.
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With Ge PAI (EokeV,5X10"em™*) + BF2 LEI(8keV, 2. 5X10"%em™?) and RTA, we
produce a good P/N™ diode with a small junction leakage density of 4nA/cm’ and a
minimum junction depth of 42nm for PMOS. Figure 5 shows the leakage characteristics of
this P/N" junction. With Ge PAI (EokeV,5X10"em™ %)+ As LEI (5keV, 1. 5X10%em ™ ?),
the junction depth of N/P" diode for NMOS is 58nm and the junction leakage is decreased
to 10nA/em” after two-step annealing. Our experiments show that the junction depth of P-
type extensions with Sb PAI/halo+ BF2 LEI can be minimized to 35nm, but the diode
leakages are too large so that we have to increase the energy of LEI to improve it according
to Fig. 3(a). Junction depth created by Sb PAI (1. 5EckeV, 1 X 10" em™ %) + BF2 LEI
(15keV, 1X10%cm™ %) and RT A is 76nm, though the diode leakage equals to 10nA /em’. If
halo effect were considered for good IV characteristics, Sb PAT and In PAI would have no

advantages comparing with the Ge PAI.

= 4 Conclusion

107
The technology of how to fabricate the
p_-— shallow and ultra-shallow junctions with LEI
and PAI+ LEI respectively for S/D extension

D’
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o . . .
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FIG. 5 Diode Leakage Characteristics for P/N~ 4]’1;‘\/‘.‘.]1‘12 depth of 42nm for PMOS and those

Junetion Formed by Ge PAT (EokeV, 5% 10%em™ %) +

B2

with leakage density of 10nA/cm’, depth of

58nm for NMOS are obtained. This technology
LEI ( 8keV,2.5X10"em™ ?) . . .

of forming shallow and ultra-shallow junctions

used for S/D extension has been applied successfully to the fabrication of 0. lum and 0.

25um CMOS devices, and the characteristics of the devices are perfect.
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