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Abstract— Ion implantation with scanning probe alignment 
is an adaptation of a dynamic stencil mask technique for 
precision doping and materials modification by ion 
implantation.   Figure 1 show a schematic of the setup [1].   

 

 

 

 

 

 

 

 

 

 

 

Figure  

Figure 1: Schematic of setup for ion implantation 
with scanning probe alignment [1-3]. 

 Beams of energetic ions (up to a few hundred keV) 
are guided to a series of collimators and reach the sample 
surface after transmission of a small hole.  The diameter of 
this hole is one factor that limits the achievable ion 
placement resolution.  Holes with diameters as small as 5 
nm have been formed by closing of larger holes via local 
thin film deposition [4], and patterns have been transferred 
into resist layer with were hole diameters were about 50 nm 
[1-3].  An example of a pattern formed in PMMA by 
implantation of 6 keV argon ions with scanning probe 
alignment is shown in Figure 2.   

 The development of this tool is motivated by the 
need to image regions of interest non-invasively, and to 
place single dopant ions into desired locations with high 

resolution.  These task can also be performed by with highly 
focused ion beams [5], but alignment of a FIB beam to 
regions of interest requires imaging with an electron beam 
to avoid unintentional implantation, and FIB beams of high 
quality are available only for a limited number of ion 
species and energies.   

 

 

 

 

 

 

 

 

 

Figure 2.:  Pattern form in PMMA by implantation 
of argon ions with scanning probe alignment.  The minimal 
feature size is limited by the diameter of the hole in the 
scanning probe tip of about 80 nm.   

Single dopant atoms strongly affect device 
performance for devices with characteristic lengths scales 
below about 50 nm.  This leads to the possibility of 
implementing new functionality based on the manipulation 
of single dopant sates.  Coherent single or few atom devices 
aim at exploiting intrinsic quantum mechanical properties of 
e. g., two level systems, such as the spin of donor electrons 
or nuclei to achieve computational advantages [3, 6].  
Formation of single atom devices requires alignment and 
detection [5, 7] of single dopant ions, as well as their 
integration with a control and readout infrastructure that 
retain favorable coherence properties.  Here, we recently 
identified interface effects on donor electron spin coherence 
and showed that spin de-phasing times of about 1 ms can be 
achieved at temperatures of about 5 K with ion implantation 
of antimony ions and standard CMOS processes [9].  In 
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Figure 3 we show a scanning probe image of a field effect 
transistor where a micron scale hole was formed in the gate 
stack by focused ion beam milling.  Figure 4 shows pulse 
height distributions from bismuth ions impinging on a 
silicon diode detector.   The noise floor of the room 
temperature detection setup is about 5 keV, allowing 
reliable single ion detection for heavy, multiply charged 
donor ions [8].  Implementation of this detection capability 
with (sub)-micron transistors for single spin readout via 
electrically detected magnetic resonance [9] is in progress.   
The scattering kinematics and diffusion properties favor 
heavy donors such as Sb [10] and Bi over P for reliable 
formation of single atom devices.   Figure 5 shows a SIMS 
depth profile form our process optimization studies.  
Bismuth ions were implanted with an energy of 60 keV and 
a dose of 2E11 cm-2.  The profile is remarkably narrow, 
with a FWHM of 6 nm, enabling the formation of  single 
atom arrays with bismuth donors.   
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Figure 3: Scanning probe image of an FET 
prepared with a hole in the gate electrode for 
single ion  placement into the transistor 
channel. 
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Figure 4: Pulse height distributions
from impact of  Bi18+ (65 keV) and
Bi34+ (120 keV) on a silicon diode
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Figure 5: SIMS depth profile of Bi atoms
in silicon.  The implant energy was 60 
keV and the dose was 2E11 cm-2 (0 
degree, after rapid thermal annealing at 
100 C for 10 s).   
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