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ABSTRACT

Due to the dramatic downscaling of device features in recent technology nodes, characterizing the electrical properties of these structures is
becoming ever more challenging as it often requires metrology able to probe local variations in dopant and carrier concentration with high
accuracy. As no existing technique is able to meet all requirements, a correlative metrology approach is generally considered a solution. In
this article, we study size-dependent effects on the dopant activation in nanometer-wide Si fins using a novel correlative approach. We start
by showing that the micro four-point probe technique can be used to precisely measure the resistance of B doped and (laser) annealed Si
fins. Next, we use transmission electron microscopy and scanning spreading resistance microscopy to show that the observed width
dependence of the apparent sheet resistance of these fins can be explained by either a partially or a fully inactive region forming along the

top of the fin sidewalls according to the annealing conditions.

Published under license by AVS. https://doi.org/10.1116/6.0000921

I. INTRODUCTION

Since the introduction of nanoscale device structures such as
the fin field-effect transistor,' metrology aimed at the electrical
characterization of such features is facing unprecedented chal-
lenges.” Indeed, characterizing the electrical properties of these
features, which can be impacted by their nanoscale dimensions
via, e.g., size-dependent dopant activation, diffusion, and
recrystallization,”™” often requires metrology that is able to probe
variations in dopant/carrier concentration within a few nanometers
and with high accuracy.”® For example, while a width-dependent
sheet resistance has been observed in B-implanted Si fins using the
micro four-point probe (u4PP)’~'" technique, this technique alone
is not sufficient to characterize the (local) electrical properties
of these structures. Additionally, scanning spreading resistance
microscopy (SSRM)™'"'* measurements are difficult to quantify
for such nanometer scaled features, as the measured spreading

resistance is easily impacted by parasitic series resistances.'” As
such, a correlative approach, i.e., combining the information
obtained with different techniques, is generally proposed as a solu-
tion to collect reliable information on the (size-dependent) electri-
cal properties of these nanoscale objects.*'”

In this article, we propose a novel correlative approach to
study apparent size-dependent dopant activation in nanometer-
wide B doped Si fins. In this approach, we combine the structural
information acquired with transmission electron microscopy
(TEM) with the electrical information obtained with both SSRM
and p4PP. Using the latter two electrical analysis techniques allows
one to exploit both the high lateral resolution (<1 nm?) of SSRM
with the incomparable accuracy (~1%"”'>'%) and speed of u4PP.

We start by showing that the apparent sheet resistance of the
B doped Si fins, as measured by u4PP, rapidly increases as fins
become narrower than 100 nm in width. Second, we use a correla-
tive study including TEM and SSRM to show that the observed
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increase in apparent sheet resistance is actually explained by either
a nonconductive (i.e., inactive) amorphous region or a less conduc-
tive defective region along the top of the fin sidewalls, depending
on the annealing condition, while the dopant activation (and thus
sheet resistance) away from the fin sidewalls remains constant as a
function of fin width.

Il. EXPERIMENT

In order to study the apparent size effects on the dopant acti-
vation in Si fins, we use three different test structures each consist-
ing of B-implanted (3 x 10'° cm™2, 5kV, 7° tilt, four-sided implant
at room temperature) Si fins with fin widths (Wg,) ranging
between ~450 and ~20 nm.® The B was implanted after filling the
space between the ~300 nm tall fins with shallow trench isolation
oxide. The electrical isolation from the substrate was ensured by
implantation of a deep lowly n-doped well.'” For each of the three
test structures, a different annealing condition was used, ie., (1) a
450 °C oven anneal for 155, (2) a 1150 °C millisecond laser anneal
with three scans, and (3) a 1250 °C millisecond laser anneal with
three scans.'

The fin resistance of the B-implanted Si fins was measured
using the u4PP technique, which has been demonstrated to be
capable of precisely measuring the resistance of nanometer-wide
fins with high precision (< 3%).”'" The inset of Fig. 1 shows a
schematic of the u4PP electrodes landed on a B-implanted Si fin.
The electrical resistance of the portion of the fin between the two
inner electrodes (ie., Rgy), is then measured by injecting a
current I;, into the sample with the two outer electrodes while
measuring the induced voltage drop V using the inner two elec-
trodes such that Rg, = V/I;,. For the measurements in this article,
we use a modulated current I;, with an amplitude of 1 uA and a
frequency of 49 Hz. For our samples, Rg, is obtained for the dif-
ferent fin widths by scanning the ©4PP electrodes across the fin
arrays with a step size ranging between ~200 and 50 nm, depend-
ing on the fin pitch. Wg, was extracted using TEM for the
<100 nm wide fins and scanning electron microscopy for the
>100 nm wide fins.

lll. DISCUSSION

Figure 1(a) shows the value of the measured Rg, for fins of
the same width Wyg,, and the three different annealing conditions.
As can be seen, Ry, expectedly increases with decreasing fin width
and with decreasing annealing temperature.'® Moreover, the values
measured in Fig. 1(a) are in agreement with values measured
before on the same structures with similar B-implanting and
annealing conditions.”'” For a fin doped and activated uniformly
along its width, Rgy, can be obtained from”

R = RS X d/wﬁm (1)

where d =8 um [i.e., the distance between the u4PP electrodes, see
the inset of Fig. 1(a)] and Rg is the sheet resistance of the activated
profile in the fin. The dashed lines of Fig. 1(a) were obtained using
Eq. (1) assuming Rg=RE™, i, considering an identical doping
and activation in the fins as in an 80 x 80 um* pad, which under-
went the same implant and annealing conditions. As can be
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FIG. 1. (a) Fin resistance Ryj, measured by wu4PP for Si fins with varying
widths, implanted with B (3 x 10" cm™2, 5keV) and annealed with a 450 °C
oven anneal (triangles), a 1150 °C laser anneal (diamonds), or a 1250 °C laser
anneal Scircles). The dashed lines correspond to the resistance calculated using
R =R x d/Ws,,, where RE is the sheet resistance measured in a large pad
which received the same implant and annealing steps. (inset) Schematic of the
four u4PP electrodes, spaced a distance d apart, landed on a B-implanted Si
fin where the fin resistance is measured by Rg, = V/li.. (b) Apparent fin sheet
resistance extracted from the data in Fig. 1(a), which shows a rapid increase for
fins <100nm in width. The RE® for the corresponding annealing conditions
(dashed lines) and the apparent fin sheet resistance calculated from the conduc-
tivity model (black lines) discussed in Fig. 2 are also shown.

observed, the experimental data points are in good agreement with
the obtained dashed lines for fins down to ~100 nm in width, indi-
cating that the electrical properties of the material inside these fins
and in the pad are fairly close and that the change in resistance as
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a function of fin width is mostly due to geometrical confinement as
modeled by Eq. (1). However, for the narrow (i.e., Wg, < 100 nm)
fins, the measured resistance appears to increase (see especially the
450 °C anneal case) with respect to the obtained dashed lines.

To evaluate the impact of the fin dimensions on the electrical
properties more precisely for these narrow (Wg, < 100 nm) fins, it
is useful to define an apparent sheet resistance by inverting Eq. (1)
such that

REPPUM = Ry, x Wip/d. (2)

Figure 1(b) shows REP™™ as obtained from Eq. (2) using the
measured Rg, shown in Fig. 1(a). Interestingly, R¥**"*"* monotoni-
cally increases for fins below 100 nm in width for all three anneal-
ing schemes. It can be understood that this increase is linked to a
drop in electrical conductivity as the fin shrinks. Unfortunately,
UAPP alone cannot determine whether this is due to a uniform
drop in conductivity in the fin or rather a local deactivation of the

| () Wﬁn=40nm
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dopants. Indeed, the u4PP technique is sensitive to the integral

of the conductivity distribution o(x, z) across the fin cross
. . o 1 . o )

section, i.e., Rg, = —ﬂ(x, Y. x d [see the inset of Fig. 1(a) for x

. . 19 .
and z directions] ~ or for the measured apparent sheet resistance,

Wﬁn
apparent __
Ry - [f(x,2) dx dz” (3

In order to get more insight into the conductivity distribution
o(x, z), we conduct a correlative study including TEM and SSRM.
As can be seen in Figs. 2(a)-2(c), for the case of the low tempera-
ture 450 °C anneal, an amorphous region along the top of the fin
sidewalls can be observed by TEM [Figs. 2(a)-2(c), white arrows].”’
The SSRM measurement on the same 35nm wide fin structure
shown in Fig. 2(b) shows that this amorphous region is ~4 orders
of magnitude more resistive (~10%Q, see the green region at the
top of the fin sidewall) as compared to the resistance measured
away from the fin sidewall [~10* Q, see the red region in Fig. 2(d)].

Q)
1013

(

104

Conductivity
(Q.cm)!
- 1 03

FIG. 2. (a)-(c) TEM image of a 20 (a), 35 (b), and 55 nm (c) wide B-implanted Si fin embedded in SiO,, showing the remaining implant damage (i.e., amorphous Si)
along the top of the fin sidewalls (white arrows) after a 450 °C anneal. The white arrows show the average size (+0.5nm) of this region measured for the different fin
widths, indicating that the size is constant. (d) SSRM image showing that the amorphous area observed in Fig. 2(b) is indeed highly resistive (white arrows). Indeed, the
size of this region is similar to the size of the amorphous region observed in Fig. 2(b). (€) Schematic of our conductivity model for a 35 nm wide fin in the case of the

450 °C anneal based on the TEM image in Fig. 2(b).
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FIG. 3. (a)-(c) TEM image of a 20-nm (a), 35-nm (b), and 55-nm (c) wide B-implanted Si fin embedded in SiO,, showing the remaining (111) defects along the top of the
fin sidewalls (white arrows) after a 1150 °C laser anneal. The white arrows show the average size (+0.5 nm) of this region measured for the different fin widths, indicating

that the size is constant.

Moreover, this amorphous region remains constant in size as a
function of fin width [see Figs. 2(a)-2(c)], i.e., its relative contribu-
tion to the cross section increases. Hence, this explains the mono-
tonic increase in R§FP*"™™ observed in Fig. 1(b) for decreasing fin
widths.

To quantify the increase in RE¥P™™, we propose a simple
model for the cross-sectional conductivity profile inside the fin [see
an example of Wy, =35 nm in Fig. 2(e)] based on the TEM images
in Figs. 2(a)-2(c). For this model, we first determine the conductiv-
ity profile of the active region of the fin, i.e., Gycive(x,2). To do this,
we start by calculating the as-implanted B depth profile using
Stopping and Range of Ions in Matter (SRIM) calculations”' for
the same implanting conditions used for the Si fins. Next, a 15%
dopant activation is assumed, such that, by calculating the corre-
sponding conductivity profile assuming crystalline mobilities, the
resulting sheet resistance matches the sheet resistance measured in
a large pad (i.e., RE* =331 Q/sq) for the 450 °C anneal case. Note
that a concentration-independent dopant activation, as is used
here, was indeed observed in Si fins with similar B implant and
anneal conditions.”” Next, we consider the amorphous region as
nonconductive (i.e., inactive) such that Gymorphous(x2) =0. The
constant size of the nonconductive region in Fig. 2(e) corresponds
to the size of the amorphous region observed in TEM [see white
arrows in Figs. 2(a)-2(c)]. This model is then used to calculate the
apparent sheet resistance for all fin widths using Eq. (3). As shown
by the theoretical black line in Fig. 1(b), the conductivity model is
in excellent agreement with the measured data for the 450°C
anneal case. This confirms that the increase in apparent sheet
resistance as a function of fin width observed for this case can be
accurately explained by the existence of the highly resistive amor-
phous region along the fin sidewalls, while the dopant activation
(and thus sheet resistance) away from the fin sidewalls remains
constant.

Next, the increase in REFPP*"" observed for the smallest fins in

the case of the high temperature 1150 °C [see diamonds, Fig. 1(b)]
laser anneal can be explained in a similar way by (111) defects
still present after laser annealing,”’ as is also observed by TEM
[Figs. 3(a)-3(c), white arrows]. Similar to the amorphous Si region
observed in the case of a low 450°C anneal, we can observe a
defective area along the top of the fin sidewall, which remains cons-
tant in size as a function of fin width [see white arrows, Figs. 3(a)-
3(c)]. Unfortunately, we do not know the conductivity of this
region, which is very difficult to quantify precisely using SSRM.
However, the width dependence of R{PP*"™ observed in Fig. 1(b) is
a measure for the conductivity (i.e., Ggefective) Of this region, and we
can use the model in Fig. 2(e) to give a rough estimate of this con-
ductivity. Indeed, the apparent sheet resistance calculated for the
1150 °C anneal case using the model in Fig. 2(e), where Gucive iS
now determined using RE* =137 Q/sq, is too high (not shown)
compared to the measured REP*™ in Fig. 1(b) for the smallest
(<100 nm wide) fins, indicating a degraded conductivity (ie.,
0 < Ogefective < Oactive) 101 the defected region rather than the zero
conductivity of the amorphous region in the 450 °C anneal case.
Moreover, by fitting the apparent sheet resistance calculated using
Eq. (3) (Fig. 1, dashed black lines) to the measured apparent sheet
resistance with u4PP, the defective area is estimated to be 40% less
conductive compared to the Si away from the fin sidewalls (ie.,
Gdefective = 0.6 Ouctive). For the case of the 1250°C laser anneal
(TEM not shown), a similar defective area at the top of the fin side-
walls is observed. Here, using the same method as was used for the
1150 °C anneal case, this defective area is estimated to be 20% less
conductive (i.e., Ggefective = 0.8 Gactive). Interestingly, combining the
apparent sheet resistance extracted with u4PP with the model in
Fig. 2(e) opens up the possibility to study the conductivity of the
defected region in the 1150 and 1250 °C laser anneal cases with
other techniques.
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IV. CONCLUSIONS

In conclusion, we examined apparent size effects on the
dopant activation in nanometer-wide B-implanted Si fins. First, we
showed that the y4PP technique can be used to precisely measure
(standard deviation <3%) the resistance of B-implanted and (laser-)
annealed Si fins. Next, we showed that the observed width depen-
dence of the apparent sheet resistance is explained by either a par-
tially or a fully inactive region forming along the top of the fin
sidewalls, depending on the annealing conditions, while the dopant
activation (and thus sheet resistance) away from the fin sidewalls
remains constant.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request
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