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We demonstrate single dopant implantation into the channel of a silicon nanoscale
metal-oxide-semiconductor field-effect-transistor. This is achieved by monitoring the drain current
modulation during ion irradiation. Deterministic doping is crucial for overcoming dopant number
variability in present nanoscale devices and for exploiting single atom degrees of freedom. The two
main ion stopping processes that induce drain current modulation are examined. We employ 500
keV He ions, in which electronic stopping is dominant, leading to discrete increases in drain current
and 14 keV P dopants for which nuclear stopping is dominant leading to discrete decreases in drain

current. © 2010 American Institute of Physics. [doi:10.1063/1.3458783]

Classical metal-oxide-semiconductor  field-effect-
transistors (MOSFETs) fabricated by industrial methods are
now sufficiently small that random variations in the number
and placement of dopants results in inconsistent behavior.
This is already a major issue in the microelectronics industry
for devices operating at room temperature.1 Further, the Bohr
radius of a donor electron is now a significant fraction of the
device size resulting in the possibility of quantum mechani-
cal dependent functionalities as observed with adventitiously
doped devices at 4 K> Emerging deterministic doping
technologies aim to mitigate statistical fluctuations in the
doping of these devices while also providing significant po-
tential for solid-state quantum computers.s_

Low energy single dopant implantation into micronscale
devices has been reported.g’10 Further, time-resolved control
and transfer of a single electron between two deterministi-
cally implanted P atoms has been demonstrated."’ Determin-
istic doping schemes which employ ion implantation are
based on ion impact signals from electron-hole pairs,9’12 sec-
onda electrons,w’15 or modulation of the drain current,
Id.lo‘l 17 For the latter, discrete downward steps in I; have
been observed with low energy Si implantation into a mi-
cronscale silicon-on-insulator (SOI) wire.!” However, for mi-
cronscale MOSFETs, other reports show discrete upward
steps.lo 16 By an appropriate choice of ion and implant en-
ergy we can selectively induce discrete upward or downward
steps in I; to elucidate the mechanisms involved in these
opposing responses in nanoscale MOSFETs. The full poten-
tial of new single-atom functionalities requires nanoscale de-
vices. For example, multigate SOI transistors are promising
architectures.'®

Here, we examine [, modulation in nanoscale SOI
MOSFETs from the passage through the channel of 500 keV
He* ions for which electronic stopping is the dominant
mechanism for dissipation of the kinetic energy. We contrast
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this with the modulation induced by 14 keV P* dopants
which mainly stop in the channel and for which nuclear stop-
ping is dominant. In the latter case this modulation is the
deterministic signal where precision placement is optimized
by using a specialized gate structure which also acts as a
surface mask.

We fabricated finFETs with SOI consisting of 20 nm
of Si on a 145 nm thick buried oxide (BOX). Images of
the devices are shown in Figs. 1(c)-1(e). The channel had a
5 nm SiO, gate oxide." The nominal channel dimensions are
listed in Table I. The SiO,/Si interface is expected to have an

Time (ms)

FIG. 1. (Color online) Nanoscale MOSFET I, collected at a 100 kHz sample
rate during (a) 500 keV He and (b) 14 keV P irradiation. Discrete steps
represent single ion impacts. The time trace has been binned down to (a) 25
kHz, (b) 5 and 0.2 kHz using the time scale of the step as a guide. The
derivative is shown under each trace. Schematics of the devices with chan-
nel width (W), length (L), and height (H) are shown. The top right inset of
(b) shows the second step observed ~2 min after the first step. A false color
scanning electron microscopy image, transmission electron microscopy im-
age of the channel cross section, and atomic force microscopy image of a
double gated MOSFET identical to those under study are shown in (c), (d),
and (e), respectively.
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TABLE I. Summary of the devices under study.
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LXWXH Estimated fluence Vion
1D Gate type (nm?) (em™?) Total exposure® Counted ions (V)
P1 Double 25%X70%20° 5% 102 6X10' P 2 0.6
Hel Single 25X 60X 20 3x10? 5X 10" He .o Grounded
He2 Single 45X 60X 20 3x 102 8 X 10! He 30 0.8

“Upper limit of implanted ions into the device subject to Poisson statistics and experimental uncertainties.

"The exposed space between the two gates on top of the channel, S

the exposed area further.

interface state density in the mid-10'" eV~' cm™ as mea-

sured by deep level transient spectroscopy. The gates were
poly-Si and the source-drain contacts were As doped by
ion implantation to a concentration of ~10?° cm™. Two
MOSFET types were considered and are shown schemati-
cally in the inset of Figs. 1(a) and 1(b). The first was a single
gate MOSFET with full back-end processing that incorpo-
rated a surface passivation layer and was used for the He
implantation experiments. The second type was a double
gated MOSFET with a spacing between the two gates of
§,=50 nm. Si3sN, was formed around each gate leaving a
space through which the channel was exposed to the ion
beam.’

The MP2 beam-line?® and a Colutron implanter9 were
used to irradiate the devices with 500 keV He* and 14 keV
P*, respectively. The source, drain, and gate were bonded
into a chip carrier with electrostatic discharge protection. The
He* beam was focused to produce a sharp horizontal line
(31000 um?) that was scanned across the device and had
a beam flux of ~7 X 10'? ions/cm?/s. The P* beam was
directed through a stationary 600 um diameter aperture at
an average flux of ~2X 10° ions/cm?/s. During implanta-
tion, I, was monitored at a gate voltage of V,,, which is
shown for each device in Table 1. V;,, was chosen so that any
shift in threshold voltage could be detected with the associ-
ated change in /;. The IV characteristics of all devices were
measured before and a day after the irradiation using stan-
dard electronics (Keithley 487).

Figures 1(a) and 1(b) show the variation of I; during He*
and P* irradiations, respectively. Discrete steps in I, are ob-
served in both cases and represented by peaks in the dI,/dt
plot. For the He irradiated device there is some variation in
the peak height. This can be understood from our PADRE”!
device simulations (not shown) which suggest that the
threshold voltage shift is most sensitive where the current
density is high. An ion strike where the current density is low
will have a smaller effect and an ion strike in the source or
drain will have a negligible effect. Generally, the I, step
heights become smaller as irradiation continues signifying
that the IV curve is shifting to a point where I; does not vary
significantly around V;,. For the irradiation with P* two dis-
crete steps in I, are observed [Fig. 1(b)]. The second step is
shown in the top right inset on a different scale. The time
constant of this second step is much larger than the first and
its height is also much smaller, most likely as a consequence
of the transformation of a significant volume of the channel
as a result of the previous ion strike. After irradiation, the
devices remained robust and there was no observable change
in gate leakage current.

Table I shows the estimated fluence calculated from the
measured beam flux and the implant duration. The total ex-

o> was 50 nm wide. SizN, spacers decrease

posure is the number of ions that would be implanted given
this fluence and the device dimensions. The counted He*
impact signals are reasonably consistent with this estimate.
For P, the estimate does not take into account the reduced
size of the exposed channel area caused by the Si3Ny, hence
the larger discrepancy. I; was found to step up with He*
implantation and down with P*. After the beam was no
longer incident on He2, I; began to decrease over a longer
time scale. This is indicative of the recombination of positive
trapped oxide charge22 and was not observed for P* im-
planted devices.

Monte Carlo SRIM™ simulations of P* implants into a
simplified nanoscale SOI structure are shown in Fig. 2.
While we demonstrate that a discrete number of ions can be
implanted, they are subject to random statistical processes
that cause straggle in the ion range. For these devices, a 5.9
keV P* is optimimum for donor placement in the channel
with a probability of 90%. We have used 14 keV for direct
comparison with earlier work.* This results in a 57% chance
of the P* stopping within the channel. SRIM simulations fur-
ther show that the concentration of vacancies created by 14
keV P* is an order of magnitude greater than 500 keV He in
the channel of the MOSFET. Conversely, the He* causes
about twice as many ionizations than the P*. This illustrates
that the mechanisms by which /,; is modified depends greatly
on the type and energy of implanted ion. Ionization can re-
sult in trapped positive charge in the BOX.” In this work, it
is likely that the dominant /; modulation is either caused by
ionizations in the BOX for He* and Frenkel pairs created in
the channel region for P*.

Figure 3 shows the IV curves for devices He2 and P1
before and one day after the implants. The He* and P* im-
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FIG. 2. (Color online) Probability of single P* donor placement calculated
with SRiM as a function of depth through the nanoscale SOI MOSFET. The
inset shows the probability of placing a P* atom in the channel. The shaded
areas represent the SiO, part of the device.
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FIG. 3. (Color online) IV curves before and after irradiation with 14 keV P*
(solid lines) and 500 keV He* (dashed lines) showing (a) the subthreshold
region and the saturation region for (b) He2 and (c) P1. The arrows in (a)
show the direction /,; shifts during implantation.

plantation induced defects modify the IV curves in different
ways. Similar results are found for Hel. The trapped oxide
charge created in the BOX by the He implants can result in
an inversion layer formed along the Si/BOX interface which
causes interface coupling effects.”*® This results in the ob-
served negative shift. The charge density was estimated us-
ing analytical expressions of the subthreshold 7, at midgap to
be 5.0% 10! cm™2 for both Hel and He2.”’ In addition to a
shift, there is a noticeable stretch-out, the extent of which is
indicated by the subthreshold swing, S in Fig. 3(a). We find
the associated effective change in interface trap density is
4.3x10"” cm™2eV~! and 5.5X 102 cm™2 eV~! for devices
Hel and He2, respectively.

The P* implantation caused quite different behavior as
seen in Fig. 3(c). A positive shift is observed suggesting that
the interface states are negatively charged as is the case for
n-type MOSFETs.* This shift corresponds to a charge den-
sity of 1.5X 10" cm™. A decrease in I, is also observed
[Fig. 3(b)] suggesting an increase in series resistance consis-
tent with the introduction of Frenkel pairs in the channel.

In conclusion, the implantation of single P* ions into a
nanoscale SOI MOSFET was demonstrated. /; was found to
depend on the stopping mechanisms and where in the sub-
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strate the ion energy was deposited. Electronic stopping re-
sulted in trapped charge in the BOX causing a threshold
voltage shift. Conversely, the detection of low energy im-
planted dopants required for deterministic doping relies on a
series resistance increase caused by the introduction of Fren-
kel pairs into the channel.
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