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Atomically Precise Manufacturing

Long-term Vision 
• Take dimensional precision to its limit: 

the crystal structure of the material. 
• Top Down Control to create designed 

3D structures, atom by atom. 
• Atomic Precision (± 1 atom size) at 

first, moving to Absolute Precision in 
the future.

Atomically-Precise Patterning
• Atomically-precise patterns are drawn on Si(001):H using STM-based 

H depassivation lithography. 
• We define patterns with respect to a pixel comprising 2 Si dimers on the same 

dimer row, giving a pixel size of 0.768 nm × 0.768 nm. 
• With this pixel basis, we can define and draw arbitrary structures at the atomic 

scale.

Pattern Transfer by Selective Deposition

How to transfer these atomically-precise patterns into 2D or 3D sructures?

Patterned Atomic Layer Epitaxy (P-ALE+) of Si

Other Possible Pattern Transfer Methods

Conclusions and Further Work
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• During growth, the surface 
temperature must be less than 
300°C, the onset of H atom 
mobility. 

• Pattern the growth area.  
• Move tip away to avoid 

shadowing of disilane. 
• Expose to a saturation dose of 

disilane, which fills the area with 
SiHx fragments, while being 
unreactive with the background 
H-terminated dimers. 

• Repeat HDL to remove H from the 
disilane fragments, leaving the Si 
atoms behind, which form about 
⅓ ML of islands.  

• After 3 cycles of disilane 
exposure and tip-driven H 
removal, a monolayer of Si will 
have been deposited.  

• Growth of several ML has been 
performed, but the surface 
becomes progressively rougher.

Patterned Atomic Layer Deposition of TiO2

Design

Crystal lattice vectors
Automated STM  

Writing
Atomically Precise  Pattern

1 px (0.768 nm) 10 px boxes (7.7 nm) 200 nm

Chemistry of Selective ALDDopant Patterning for 2D devices
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RIE -CHF3

Au or Pt or other metal

MAC Etching
H2O2HF

Noble Metal Deposition?
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A single-atom transistor
Martin Fuechsle1, Jill A. Miwa1, Suddhasatta Mahapatra1, Hoon Ryu2, Sunhee Lee3,
Oliver Warschkow4, Lloyd C. L. Hollenberg5, Gerhard Klimeck3 and Michelle Y. Simmons1*

The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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• Atomically-precise placement of P atoms deposited from PH3, has been used 
to make P-based spin or charge qubit devices.  

• We aim to develop similar processes for acceptor dopant precursors, such as 
diborane, or alanes.

Owen et al., J. Vac. Sci. Technol. B 29 06F201 
(2011)  
DOI: 10.1116/1.3628673 

J. Vac. Sci. Technol. B  32  03D112  (2014)   
DOI:10.1116/1.4864619
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Figure 5
(a) A schematic of the binding chemistry for norbornadiene (NBE) molecules on clean silicon. (b) A line of
dangling bonds patterned with the scanning tunneling microscope (STM) probe. (c) STM image of the
surface following a 0.02-L dose of NBE. The box and circle highlight individual NBE molecules adsorbed to
single dangling-bond sites. (d ) Following a subsequent dose of NBE, the box shows the NBE molecules
beginning to line up head to tail, exhibiting a form of molecular self-assembly. Figure adapted from
Reference 48, with permission from Elsevier.

2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) (92), azanorbornadiene (93), biphenyl (94), and
pyradime (95), some of which appear in Figure 6.

Investigators have also used FCL to template self-assembled organosilicon nanostructures
from isolated dangling bonds. In particular, a variety of 1-alkene molecules are believed to
form self-assembled monolayers on hydrogen-passivated silicon through chain reactions ini-
tiated by isolated molecular-adsorption events (96). For example, Lopinski et al. (27) inves-
tigated the in situ reaction of styrene on the Si(100)-2 × 1:H surface decorated with dan-
gling bonds. UHV-STM images revealed that styrene formed self-assembled one-dimensional
nanostructures initiated at dangling-bond sites via a radical-mediated chain-growth process
(Figure 7). Following this initial study, numerous molecules have demonstrated chain growth,
although some of the molecules possess different binding characteristics and growth mechanisms.
Vinylferrocene, 1-hexene, 1-heptene, and 4-bromostyrene form one-dimensional chains in a sim-
ilar reaction to styrene (97–99), whereas benzoaldehyde, acetaldehyde, and cyclopropyl methyl
ketone form linear nanostructures via a silicon-oxygen bond (100, 101). In addition, methyl-
styrene was dosed along with styrene to form a molecular heterostructure (102), whereas styrene
formed chains perpendicular to the dimer rows on the Si(100)-3 × 1:H surface (103). Similarly,
Hossain et al. (104–106) formed perpendicular chains on the Si(100)-2 × 1:H surface with allyl
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Many attempts at metal or molecular selective adsorption.

PH3 selectively adsorbed into 
two patterns on Si(001):H

TiO2 H HH H

H H H

H H

Atomic-scale Patterning

Assembly of 2 nm TiO2

RIE of Si Master

TiCl4 H2O

H H H H

Silicon

Many Copies

NanoImprint

Any Material

• Pattern the growth area using 
HDL.  

• Move surface to ALD chamber. 
• Grow using standard ALD 

process, with TiCl4 and water as 
precursors. 

• Etch using Reactive Ion Etching 
(RIE). 

• Master can be used to transfer 
pattern into resist using 
NanoImprint Lithography. 

• Pattern can thereby be 
transferred into any material.
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Metal Precursor Selectivity

Metal 
Precursor

Barrier on  
Si-OH

Barrier on 
Si-H

Selectivity

TMA 0.05 eV 1.35 eV 1.30 eV

TiCl4 0.26 eV 1.50 eV 1.24 eV

TDMA-Hf 0.73 eV 1.45 eV 0.72 eV

Precursor Selectivity

• Water, as shown here, and ammonia show strongly selective adsorption into the 
patterned areas. This prepares the surface for the metal precursor. 

Other resists?

• STM Lithography is an attractive way to make atomically-precise patterns 
• Broadly applicable pattern transfer processes remain a challenge. 
• Passivity of background H termination is limited by defects, and limited lifetime 

in ambient conditions. 
• Development of a method to transfer the H resist into a more robust material 

would be highly beneficial for this technique 
• Development of a method to pattern a noble metal such as Su, Pt etc. would 

open a wide range of possible applications.  
• Encyclopedia of Interfacial Chemistry: Surface Science and Electrochemistry  

article in proof stage:  DOI: 10.1016/B978-0-12-409547-2.13149-X

Defect Nucleation sites for Background Growth

• While there is strong chemical contrast between the patterns and the ideal H-
terminated surface, the passivity is limited in practice by missing H atoms, 
which provide nucleation sites for background growth.

Acknowledgements
• This work has been supported by the Defense Advanced Research Project 

Agency (DARPA) under Contract N66001-08-C-2040, and the ‘Atoms to Product’ 
Program administered by AFRL Contract FA8650-15-C-7542. Some of this work 
was supported by the Texas Emerging Technology Fund of the State of Texas for 
the Atomically Precise Manufacturing Consortium.

formed on the patterned test structure shown in Figure 2a.
XPS spectra were collected separately at the thermal SiO2

and Si–H regions with a 0.1 mm diameter spot size. By com-
paring the XPS spectrum of the oxide region (Fig. 2b, area 1)
with that of the deactivated Si–H region (Fig. 2c, area 2), we
observed that Pt growth was completely inhibited on the de-
activated silicon hydride region, within the XPS detection lim-
it (Pt at % < 0.1 in Fig. 2 c). However, on the oxide region,
there was significant Pt growth (Pt at % = 10.6 in Fig. 2b). We
note that, although Pt ALD does not occur as readily on the
hydrogen-terminated silicon surfaces as on the oxide surface,
detectable Pt (Pt at % = 1.8) was observed on the reference
Si–H sample after the same ALD run. This selectivity toward
ALD was achieved because the hydride regions were covered
with the 1-octadecene monolayers, and these regions of the
surfaces become highly hydrophobic, preventing the nuclea-
tion of Pt precursors and subsequent film growth.[12,13]

Figure 3 illustrates the AES analysis of the patterned lines
at higher spatial resolution. Figure 3a shows an SEM image of
the patterned lines used for the study. In the SEM image, the
oxide and the deactivated hydride regions (areas 1 and 2 in
Fig. 3a, respectively) were chosen for AES compositional
analysis. The Auger survey scans shown in Figure 3b reveal
that, in the deactivated lines (area 2), the Pt signal is below
the AES detection limit (0.5 %), whereas significant Pt is seen
in area 1. These results are consistent with the XPS analysis,
but at a much smaller detection size scale. AES line-scan im-
ages that compare the amounts of C and Pt as a function of

position are displayed in Figure 3c. A cross-sectional line
(similar to the dashed line shown in Fig. 3a) was obtained per-
pendicular to the patterned lines. The C and Pt spectra clearly
show the alternation as expected, and the edges of the Pt lines
are sharp.

Figure 4c shows a Pt elemental-mapping image based on
Auger analysis of the test pattern shown in Figure 3a. The
bright regions indicate the presence of Pt while the dark areas
indicate the absence of Pt. Both the SEM and the AES images
have the same shape, which indicates successful confinement
of Pt deposition to the oxide areas only. This method could, in
principle, provide higher spatial resolution, higher selectivity,
and compatibility with more complex starting substrates than
the structure tested here.

In addition to SiO2/Si surfaces, we have also applied the hy-
drosilylation method to achieve area-selective ALD on silicon
patterned with other dielectric films. Specifically, we have ex-
amined both Si3N4 and HfO2, which are medium- and high-j
dielectrics, respectively, coated on a silicon substrate. The
samples have been prepared so that half of the substrate is
coated with the dielectric film and the other half is hydrogen-
terminated silicon.

These partially patterned samples were then treated with
1-octadecene. The results show selective attachment of 1-octa-
decene only on the hydrogen-terminated regions of the sample,
as was observed for the Si/SiO2 samples. Specifically, as shown
in Table 1, water contact angle, ellipsometry, and XPS analyses
show no significant differences in the measurement of the di-
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Figure 1. Schematic illustration of two area-selective ALD schemes possible through selective surface modifications

• Hydrocarbons have a strong physisorbing interaction with the H background. 
By filling the pattern with OH or NH2 species, we may be able to use chemical 
contrast to  transfer the STM pattern into more robust resist molecules. 

• Stability of the the H and NH2 groups in air are an issue, however. 

From Chen and Bent, Adv. Mater. 18, 1086–1090 (2006) 
DOI: 10.1002/adma.200502470

• In ALD experiments, both TiCl4 and TMA have shown selectivity in different 
dose windows, while TDMA-Hf has not.

• We are actively searching for other selective adsorption processes to 
broaden the range of applications of STM Lithography.

http://dx.doi.org/10.1126/science.1214319
http://dx.doi.org/10.1146/annurev.physchem.040808.090314

