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Deterministic doping is crucial for overcoming dopant number
variability in present nano-scale devices and for exploiting single
atom degrees of freedom. The development of deterministic
doping schemes is required. Here, two approaches to the detection
of single ion impact events in Si-based devices are reviewed. The
first is via specialized PiN structures where ions are directed onto a
target area around which a field effect transistor can be formed.
The second approach involves monitoring the drain current
modulation during ion irradiation. We investigate the detection of
both high energy He" and 14 keV P dopants. The stopping of
these ions is dominated by ionization and nuclear collisions,
respectively. The optimization of the implant energy for a
particular device and post-implantation processing are also briefly
considered.

Introduction

Random variations in the number and placement of dopants in classical metal-oxide-
semiconductor field-effect-transistors (MOSFETs) are already major issues for CMOS
devices operating at room temperature.[l1] At 4 K quantum mechanical dependent
functionalities have been observed in ultra-scaled MOSFETs with single adventitiously
placed dopants.[2-4] In these devices the Bohr radius of a dopant atom is a significant
fraction of the device size. Deterministic doping technologies aim to mitigate random
variations in the doping while also allowing for the controlled fabrication of these ultra-
scaled devices. In addition, deterministic doping provides significant potential for solid-
state quantum computers.[5-8] For example, the spin-dependent transport between a
single *'P atom and a single electron transistor has been proposed as a sensitive way to
detect and control the P atom spin state.[9] Such an architecture requires the precise
placement of a single P donor above which a shorted coplanar transmission line is
deposited. This transmission line both carries microwave pulses that produce an
oscillating magnetic field for local electron spin resonance and a dc bias as recently
demonstrated.[10]
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Single ion implantation and detection has been reported by a number of groups.[11-
19] These works are compared in Table 1. The table shows the energy and type of
implanted ion as well as the target type and detection scheme used. Low energy single
dopant implantation into both micron-scale and nano-scale devices has been reported
(indicated by the bold text in Table I).[11,15,19] Deterministic P implantation was
achieved by the detection of the electron-hole (e-h) pairs created by the ion impact with
an integrated PiN structure.[11] This scheme has resulted in a device where the time-
resolved control and transfer of a single electron between two deterministically implanted
P atoms was observed.[20] Other detection schemes are based on ion impact signals from
secondary electrons[14,16,18] or the modulation of the drain current, /,.[13,15,17,19] For
I; modulation, discrete downward steps in I; have been observed with low energy Si
implantation into a micron-scale SOI channel.[17] However, for micron-scale MOSFETs,
other reports show discrete upward steps.[13,15]

TABLE 1. Review of single ion implantation technology in the keV regime to date. Donors are in bold

text.
Ion Energy Device (size) Detection References Stopping
(keV) method (ionization/recoils)”
Sp* 14 PiN junction (100 pm?) e-h pair [11] 42/6
generation
H 250 Avalanche diode (umz) e-h pair [12] 99/1
generation
21Xt 48 MOSFET (4 pm?) Iy modulation [13] 41/5
A 6 - Secondary [14] 35/6
electrons
Bl 195 - Secondary [14] 50/5
electrons
209g4st 120 - Secondary [14] 47/5
electrons
121gp 14+ 70 MOSFET (4 pm?) Iy modulation [15] 41/6
121gp 12+ 60 MOSFET (4 pm?) Iy modulation [15] 41/6
BIxe®” 50 MOSFET (4 pm?) Iy modulation [15] 41/6
Mpi3 39 - Secondary [16] 51/5
electrons
1267¢33* 99 - Secondary [16] 44/6
electrons
2Bgi2t 30 SOI channel (0.96 um®) Iy modulation [17] 50/5
Spt 30 SOI chennel (0.96 pm?) Secondary [18] 42/6
electrons
*He" 500 MOSFET(1500-2700 nm?) 14 modulation [19] 98/1
Sp* 14 MOSFET(1500-2700 nm?)  I; modulation [19] 42/6

* These values represent the percentage of the total energy lost to ionization and nuclear
recoils, respectively as calculated with SRIM. Additional energy loss occurs via phonon
generation.

In this paper we review two methods for single ion implantation. These are e-h pair
detection with integrated PiN structures and /; modulation in nano-scale SOl MOSFETs.
The behavior of these devices under high-energy He™ and 14 keV P’ irradiation is
discussed. The dominant mechanism for the dissipation of kinetic energy of He" ions and
P" dopants is electronic stopping and nuclear stopping, respectively. The percentage of
the total implanted ion energy lost to ionization (electronic stopping) and nuclear recoils
(nuclear stopping) as calculated by the Monte Carlo code SRIM[22] is shown in the last
column of Table I. The dominant stopping process determines the signal to noise ratio in
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the integrated PiN structures and the step direction in the /; modulation scheme. The next
section discusses these stopping processes further as well as the optimization of the
implant energy and post-implantation processing for device fabrication. Single ion
detection with the integrated PiN diodes and /; modulation is then discussed in the
proceeding two sections followed by concluding remarks.

Background

The He and P implants used in these experiments result in quite different damage
profiles as illustrated in Fig. 1 for 500 keV He" ions and 14 keV P* dopants. This figure
shows the implantations into a SOI structure as calculated by SRIM. The energy of the
implanted ion determines whether this energy is imparted to the target device via
electronic or nuclear stopping processes. In the near surface region fast ions will ionize
the target atoms via electronic stopping. As the energy decreases nuclear stopping begins
to dominate energy loss resulting in atomic displacements and lattice damage. Fig. 1a)
shows the concentration of vacancies as a function of depth after the implantation of
1x10"2 em™ He" and P*. An order of magnitude more damage is caused by the P implant
than the He™ implant in the channel of the SOI structure. Conversely, He" causes about
twice as many ionizations than the implanted P" as shown in Fig. 1b). The number of
ionizations created in the buried oxide (BOX) layer is much greater for the He" implant
case. Assuming that an e-h pair is produced with every 18 eV of ionization, it is expected
that a maximum of around 3900 e-h pairs are produced by a single He" in the BOX layer
compared to just 6 by P". Indeed, this illustrates that the mechanism by which implanted
ions are detected may depend greatly on the type of implanted ion. For implantation into
a SOI structure it is likely that the I, modulation caused by P is due to damage created in
the channel region whereas He' causes ionizations in the BOX layer. Such ionizations
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Figure 1: SRIM simulation of (a) the vacancy distribution created by 500 keV He"
and 14 keV P’ implanted into the SOI nano-MOSFET to a fluence of 1x10"2 cm™ and (b)
the total ionizations per Angstrom per ion. The vertical dashed lines indicate the Si/SiO,
interfaces either side of the channel between the gate oxide and the BOX.
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can result in trapped holes which can shift the threshold voltage.[23] Further, the He"
implant will create a much stronger signal in detection schemes that depend on the
generation of e-h pairs such as in the integrated PiN diodes.

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. Figure 2
shows the probability of the implanted P ion coming to rest in the channel of a SOI
MOSFETs as a function of ion energy. The optimal energy is found to be 5.9 keV with a
probability of 90%. In comparison, 14 keV P" results in a 57% chance of the P* stopping
within the channel.
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Figure 2: The probability of placing the P atom somewhere in the channel of the SOI
nano-MOSFET device for dopant implant energy optimization. The shaded area
represents the SiO, part of the SOI device.

The position of the implanted dopant is also subject to diffusion during post-
implantation processing. Firstly, implantation must be performed through the gate oxide
in order to avoid thermal diffusion during high temperature oxidization unless a dopant
with a low diffusion coefficient is chosen such as Sb.[24-25] Alternatively, a low
temperature high-quality oxide growth may be performed after implantation to avoid any
significant dopant diffusion.[26] Here, we discuss devices where the implantation is
performed through the oxide itself. Implantation through a 5 nm oxide layer followed by
a rapid thermal anneal (RTA) has been shown not to increase the SiO,/Si interface trap
density and was in fact found to be beneficial when the as-grown oxide interface trap
density is abnormally high.[27]

The 14 keV P implant has also been simulated using the analytical profiles in
FLOOPS ISE TCAD[28] and is shown in Fig. 3. Fig. 3a) shows the 2D depth profile of
the 14 keV P” implanted to a fluence of 1x10'" cm™ through a 5 nm wide surface mask.
The lateral straggle is shown to be much less than the projected straggle as expected. Fig.
3b) and c) show the profile as a function of depth and in the lateral direction at a depth of
14.8 nm. There is a slight asymmetry in the lateral profile since an implant angle of 7°
with a tilt of 10° was used in order to avoid channeling. The simulated profile after a
1000°C, 5s rapid thermal anneal is also shown. It can be seen that the dopant diffusion is
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not significant when this dopant activation anneal is employed. The next section briefly
reviews the use of integrated PiN diodes for the detection of single ions.
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Figure 3. (a) 2D depth profile of a 14 keV P’ implant into a Si substrate with a 5 nm
oxide using FLOOPS. The dashed line represents a 80 x 80 nm’ boundary around the
implanted region. The dotted lines labeled (b) and (c) (at a depth of 14.8 nm) indicate the
line along which Figs. (b) and (c) are determined. In (b) and (c) the as-implanted (solid
line) and 1000°C, 5 s annealed (dashed line) profiles are compared.

Integrated PiN structures

Figure 4 shows a schematic of the integrated PiN structure. It consists of two surface
Al detector electrodes that make contact with two boron-doped wells in high resistivity
silicon. There is a central implant zone between the two p-wells with a surface oxide 5
nm thick. The rest of the device is covered with a 200-300 nm thick field oxide. A back
layer contact is formed by P in-diffusion. During operation the detector is cooled to liquid
nitrogen temperature to reduce the leakage current. At 120 K the leakage is generally
around < 10 pA for these devices. A voltage of 10-20 V is applied creating a depletion
region throughout the substrate. The implanted ion is then directed through a surface
mask or aperture. When the ion enters the substrate e-h pairs are created and a current is
then detected.[11,29] The signal from a 14 keV P’ ion is shown in Fig. 5. After
implantation the device undergoes various post-implantation fabrication steps. This
involves the formation of a MOSFET type structure around the central window.[20]

Figure 4. Schematic diagram of the PiN single ion detector integrated into a MOS

structure.
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Figure 5. Energy spectrum of a single P ion impact in the integrated PiN structure.
The shaded region indicates the noise threshold. The pulse from a 6.5 keV x-ray in the
same device is shown for comparison.

| L e -
Figure 6. (a) IBIC map of the integrated PiN stmcture measured at room temperature.
(b) Shows a close-up of the central target region in (a).

The PiN detector collection efficiency can be measured with the ion beam induced
current (IBIC) technique. An IBIC map of the device is shown in Fig. 6 for a 2 MeV He"
ion beam scanned across the device. The map was collected at room temperature where
the detector is generally much noisier. However, detection is possible at this temperature
because the number of ionizations created by the He™ beam is much greater than the P
beam as shown in Fig. 1 above. The charge collection efficiency is close to 100% in the
central implant region for pristine devices since the collection time is much less than the
recombination time. In the /; modulation detection scheme in SOI nano-FETs discussed
in the next section both He" and P" ions can be detected at room temperature.[19]
However, detection depends on the creation of either trapped oxide charge in the BOX or
Frenkel pairs in the channel.
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Nano-scale silicon on insulator FET's

The detection of single ions via I; modulation is most appropriate when the current
density is confined to a narrow channel as in a SOI nano-FET. Such devices are also
promising architectures for the realization of new single-atom functionalities.[30] The
dimensions of the SOI nano-FETs discussed here are listed in Table. II. Again, these
devices have a gate oxide thickness of 5 nm [31] and the SiO,/Si interface is expected to
have an interface state density in the mid-10" eV'.cm™ as measured by deep level
transient spectroscopy. Two MOSFET types were considered and are shown
schematically in Fig. 7. The first was a single gate MOSFET with full back-end
processing that incorporated 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 Sy;=50 nm. Si3N4 was formed around each gate leaving a space
through which the channel was exposed to the ion beam.[3]

TABLE II. Summary of the devices under study.

ID Gate LxWx H Estimated Total Counted ions V. (V)
type (nm2) fluence (cm-2)  exposure’

Pl Double 25x70x20° 5x10" 6x10" P 2 0.6

Hel Single 25x60x20 3x10" 5x10' He - grounded

He2  Single  45x 60 x 20 3x10" 8x10' 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, Sg, was 50 nm wide. Si3Ny4 spacers

decrease the exposed area further.

Figure 7: Schematics of the devices with channel width (W), length (L) and height (H)
are shown. S, is the spacing between the gates on top of the channel.

(a)

Figure 8 shows the I; characteristics before, during and after implantation. Fig. 8a)
shows the 7, modulation while the He" beam was scanned across the device with a beam
flux of ~7x10'? ions/cm?*/s. The device (He2 in Table II) was biased to 0.8 V during
implantation. Fig. 8b) shows the /; modulation during P irradiation into device P1 with a
P" beam directed through a stationary 600 um diameter aperture at an average flux of
~2x10° ions/cm?/s. Discrete steps in I, are observed in both cases and represented by
peaks in the d/;/dt plots shown in the lower panel of Figs. 8a) and b). For P1 I,
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modulation two discrete steps in I are observed. The second step is shown in the 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 first P" impact. This limits the number
of dopants that can be implanted before an anneal is required. After irradiation, the
devices remain robust and no observable change in gate leakage current is observed.

Figures 8c) and d) show the IV curves for devices Hel, He2 and P1 before and one
day after the implants. The He™ and P" implantation-induced defects modify the IV
curves in different ways. The positive 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.[32-34] This results in the observed negative shift. The charge
density was estimated using analytical expressions of the sub-threshold /; at mid-gap to
be 5.0x10"* cm™ for both Hel and He2.[35] In addition to a shift, there is a noticeable
stretch-out, the extent of which is indicated by the sub-threshold swing, S, in Fig. 8c) and
d). We find the associated change in interface trap density is 4.3x10'* cm™@eV™" and 5.5x
10" em™eV™! for devices Hel and He2, respectively. These values are only approximate
since the analytical expressions assume a lateral device and a homogenous defect
distribution. The latter may not be appropriate when considering single ion impact events.
For device He2 there is variation in the /; modulation step height. It is expected that this
is due to the threshold voltage shift being most sensitive where the current density is high.
After the beam was no longer incident on He2, /; began to decrease over a longer time
scale. This is indicative of the recombination of positive trapped oxide charge [36] and
was not observed for P" implanted devices.

The P" implantation caused quite different behavior as seen in Fig. 8d). A positive
shift is observed suggesting that the interface states are negatively charged as is the case
for n-type MOSFETs.[37] This shift corresponds to a charge density of 1.5x10'* cm™. A
general decrease in I; is also observed suggesting an increase in series resistance
consistent with the introduction of Frenkel pairs in the channel.

Conclusion

The implantation of single ions via two methods was reviewed. Integrated PiN
structures are used to detect single ion impacts via the creation of e-h pairs. IBIC was
used to map the charge collection efficiency with the greatest efficiency found in the
target region through which P" can be directed into the substrate. In the /; modulation
scheme ionizations in the BOX created by He" implantation caused I, to step upward. In
contrast, Frenkel pairs created in the channel region by P* implantation caused downward
steps. Both detection schemes are relatively sensitive ion impacts that result in a large
number of ionizations. The optimization of the implant parameters and post-implantation
processing also requires careful consideration.
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Figure 8. Nano-scale MOSFET 1/, 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 kHz and (inset of b) 0.2 kHz using
the time scale of the step as a guide. The derivative is shown under each trace. The IV
before and one day after irradiation are shown for devices (c) Hel and He2 and (d) P1.
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