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MoGvaGons	
  
§  Atomic-­‐precision	
  engineering	
  of	
  nanostructures	
  

§  Example:	
  Single-­‐donor	
  electron	
  and	
  nuclear	
  spin	
  qubits	
  	
  
§  At	
  present,	
  devices	
  fab’d	
  via	
  convenGonal	
  techniques	
  (ion	
  implant,	
  10-­‐nm-­‐scale	
  precision)	
  
§  Atomic-­‐precision	
  placement	
  essenGal	
  to	
  reproduce	
  numerous	
  idenGcal	
  devices	
  
§  Michelle	
  Simmons	
  (UNSW,	
  Australia)	
  demonstrated	
  atomic	
  precision	
  donor	
  devices	
  via	
  STM	
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§  Challenge:	
  Integra5on	
  of	
  	
  STM	
  fab’d	
  devices	
  with	
  conven5onal	
  fab	
  to	
  place	
  ohmics,	
  
gates,	
  ESR	
  lines	
  	
  

§  Problem:	
  nanoscale	
  registra5on	
  of	
  buried	
  donor	
  layer	
  

§  We	
  developed	
  a	
  scanning	
  capacitance	
  microscopy	
  technique	
  to	
  image	
  &	
  register	
  donor	
  
structures	
  for	
  100-­‐nm	
  precision	
  placement	
  of	
  ohmics	
  (and	
  gates,	
  	
  ESR	
  lines	
  etc)	
  

Fuechsle, Nature Nano. (2012) 

§  A	
  single	
  atom	
  transistor	
  (M.Y	
  	
  Simmons,	
  UNSW,	
  Australia)	
  



Atomic-­‐precision	
  fabricaGon	
  via	
  STM	
  
§  Technique	
  developed	
  by	
  Lyding,	
  Tucker,	
  Shen	
  (UIUC)	
  &	
  by	
  M.Y.	
  Simmons	
  et	
  al	
  (UNSW)	
  	
  (2004)	
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Prepare Si chips with 
registration marks 

Si microfab Si microfab 
fab metal contacts 
to buried dopant 

V	
  

Passivate Si (100) with H 

Selectively desorb H with 
atomic precision by STM 

Introduce PH3 gas 

Incorporation anneal 

Grow epitaxial Si capping 
layer 



Challenge:	
  locaGng	
  donor	
  device	
  accurately	
  
§  Simmons	
  Method:	
  1.	
  coarse	
  locaGon	
  via	
  microscope	
  	
  2.precision	
  registraGon	
  to	
  an	
  

etched	
  mark	
  using	
  STM	
  imaging	
  

§  Challenges:	
  Gme	
  consuming	
  to	
  locate	
  etch	
  feature,	
  requires	
  scanning	
  over	
  large	
  topo	
  
features-­‐-­‐shortens	
  Gp	
  lifeGme,	
  requires	
  fine-­‐tuned	
  X-­‐Y-­‐Z	
  coarse	
  moGon	
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Etched alignment marker 

Flat central terrace for device   Simmons et al. JVST B (2007) 

2. STM registration to nanoscale features 

§  Is	
  there	
  some	
  way	
  we	
  could	
  do	
  away	
  with	
  step	
  2,	
  allowing	
  devices	
  to	
  be	
  fab’d	
  anywhere	
  ?	
  

STM tip 

Etched alignment markers 

1. Coarse optical positioning 

STM tip 

etched 
marks 

tip’s reflection 
on sample 

device 
location 

100 µm 



Scanning	
  capacitance	
  microscopy	
  	
  
of	
  buried	
  donor	
  structures	
  

§  SCM	
  measures	
  MOS	
  CV	
  response	
  of	
  the	
  Gp-­‐oxide-­‐Si	
  
§  SCM	
  detected	
  by	
  lock-­‐in	
  à	
  dC/dV	
  (90	
  kHz),	
  SCM	
  phase	
  
§  Magnitude	
  ~	
  doping	
  level,	
  phase	
  ~	
  doping	
  type	
   5	
  

epi-­‐Si	
  	
  
(n	
  1016	
  cm-­‐3)	
  

substrate	
  
(p	
  1015	
  cm-­‐3)	
  

§  End	
  product	
  from	
  STM	
  process	
  
§  All-­‐epitaxial	
  planar	
  buried	
  delta	
  doped	
  nanostructure	
  
§  Atomically	
  abrupt	
  in	
  X	
  Y	
  and	
  Z	
  
§  Donor	
  &	
  e-­‐	
  density	
  1.7x1014	
  cm-­‐2	
  (metallic)	
  (~1021	
  cm-­‐3	
  )	
  

VAC =1 V, 90 kHz 
VDC 0-2 V 
 

AFM/SCM tip 
(Ti-Pt) 

native oxide 

P donor structure 
 ND  ~ 1.7x1014 cm-2 

substrate 
NA~ 1015 cm-3 

~ 



Scanning	
  capacitance	
  microscopy	
  of	
  buried	
  
donor	
  structures	
  

§  H-­‐litho	
  and	
  STM	
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G1 

D
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G2 

G1 

D

S 

I 

1.5 µm 1 µm 

§  AFM/SCM	
  
AFM 
~1 nm 
roughness 

SCM dC/dV SCM phase 



Registering	
  &	
  contacGng	
  donor	
  structure	
  
§  process	
  flow	
  for	
  contacGng	
  device	
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Add “+” STM Locate w/SCM EBL vias EBL metal 

SCM dc/dv AFM 
 
 
 
50-nm-high 
Ti-Au + 

SCM  phase 



Registering	
  &	
  contacGng	
  donor	
  structure	
  
§  process	
  flow	
  for	
  contacGng	
  device	
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Add “+” STM Locate w/SCM EBL vias EBL metal 

AFM  
 
 
 
100-nm-deep vias 



Registering	
  &	
  contacGng	
  donor	
  structure	
  
§  process	
  flow	
  for	
  contacGng	
  device	
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Add “+” STM Locate w/SCM EBL vias EBL metal 

AFM  
 
 
 
100-nm-deep vias 

SCM (dC/dV) donors+vias 



Registering	
  &	
  contacGng	
  donor	
  structure	
  
§  process	
  flow	
  for	
  contacGng	
  device	
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Add “+” STM Locate w/SCM EBL vias EBL metal 

SCM (dC/dV) donors+vias SEM 100-nm-Al 



Registering	
  &	
  contacGng	
  donor	
  structure	
  
§  process	
  flow	
  for	
  contacGng	
  device	
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Add “+” STM Locate w/SCM EBL vias EBL metal 

SCM (dC/dV) donors+vias SCM+SEM 

§  Metal+vias	
  	
  
successfully	
  hit	
  the	
  
buried	
  donor	
  target	
  



TesGng	
  contact	
  placement	
  (MarGn	
  Rudolph)	
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§  T=4K	
  transport	
  measurements	
  show	
  successful	
  ohmic	
  
contact	
  to	
  buried	
  device	
  layer	
  

-1 -0.5 0 0.5 1
-10

-5

0

5

10

V (mV)

I (
nA

)

 

 
Sa-Sb: 183 kΩ
Da-Db: 57 kΩ
G1a-G1b: 87 kΩ
G2a-G2b: 75 Ω



Summary	
  

§  SCM	
  :	
  first	
  technique	
  for	
  direct	
  visualizaGon	
  of	
  the	
  carrier/dopant	
  distribuGon	
  of	
  
buried	
  donor	
  structures	
  

	
  

§  SCM	
  provides	
  useful	
  nanoscale	
  metrology	
  for	
  each	
  step	
  of	
  fab	
  process	
  

	
  -­‐lets	
  us	
  know	
  we	
  are	
  actually	
  making	
  the	
  structures	
  that	
  we	
  think	
  we	
  are	
  

	
  	
  
§  We	
  demonstrated	
  100-­‐nm-­‐scale	
  accuracy	
  technique	
  to	
  contact	
  buried	
  donor	
  

structures	
  in	
  order	
  to	
  complete	
  device	
  

§  SCM	
  registraGon	
  technique	
  may	
  ulGmately	
  achieve	
  higher	
  accuracy	
  than	
  other	
  
methods	
  of	
  metal	
  placement	
  for	
  criGcal	
  features	
  like	
  ESR	
  lines	
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Metrology	
  for	
  atomic	
  precision	
  devices	
  
§  SCM	
  provides	
  an	
  addiGonal	
  new	
  means	
  of	
  structural	
  characterizaGon	
  
§  To	
  date:	
  STM	
  of	
  buried	
  structure,	
  transport	
  measurements,	
  and	
  SIMS…	
  
§  SCM	
  provides	
  direct	
  view	
  to	
  the	
  donor	
  distribuGon,	
  allowing	
  diagnosis	
  of	
  litho	
  problems	
  

14	
  

§  SCM	
  response	
  (dC/dV)	
  on	
  donor	
  
layer	
  is	
  comparable	
  to	
  metal	
  

S
C

M
 (a

.u
.) 

30 µm 

§  Diagnosing	
  problems:	
  
double	
  asperity	
  Gp	
  wriGng	
  

p- 

n++ 
n- 

§  Diagnosing	
  problems:	
  
advenGGous	
  depassivaGon	
  
in	
  field	
  emission	
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