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Figure	
   S1.	
   Surface	
   modification	
   routes	
   for	
   preparing	
   monolayers	
   without	
  

nitrogen	
   (control	
   sample)	
   and	
   with	
   both	
   nitrogen	
   and	
   phosphorus	
  

functionalization	
  (sample	
  #1	
  and	
  #2).	
  The	
  freshly	
  etched	
  hydride-­‐terminated	
  Si	
  

(100)	
   samples	
   were	
   immersed	
   in	
   neat	
   deoxygenated	
   undecylenic	
   acid	
   3	
   and	
  

were	
   reacted	
   under	
   the	
   irradiation	
   of	
   a	
   254	
   nm	
  UV	
   lamp	
   in	
   an	
   inert	
   nitrogen	
  

atmosphere	
   for	
   over	
   16	
   h.	
   The	
   samples	
   were	
   then	
   rinsed	
   with	
   copious	
  

dichloromethane	
   and	
   ethanol,	
   and	
   dried	
   under	
   argon	
   gas,	
   yielding	
   control	
  

sample.	
  Sample	
  #2	
  was	
  prepared	
  with	
  further	
  modification	
  on	
  alkene	
  species	
  1	
  

modified	
   sample	
   #1.	
   Following	
   by	
   amine	
   deprotection	
   in	
   25%	
   trifluoroacetic	
  

acid,	
   the	
   sample	
   was	
   derivatized	
   with	
   phosphate	
   2	
   in	
   the	
   presence	
   of	
   cross-­‐

linker	
   DCC,	
   providing	
   monolayers	
   containing	
   both	
   nitrogen	
   and	
   phosphorus	
  

atoms.	
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Figure	
  S2.	
  XPS	
  spectra	
  of	
  silicon	
  sample	
  modified	
  with	
  undecylenic	
  acid	
  (control	
  

sample).	
  a)	
  Survey	
  scan;	
  b)	
  high-­‐resolution	
  scan	
  of	
   the	
  Si	
  2p	
  region,	
   showing	
  a	
  

clear	
   Si	
   2p1/2−Si	
   2p3/2	
  spin−orbit-­‐split	
   doublet	
   (99.9	
   and	
   99.3	
   eV,	
   respectively)	
  

from	
   the	
  bulk	
   silicon	
   and	
   some	
   silicon	
  oxides	
   in	
   the	
   range	
  of	
   102-­‐104	
   eV.	
   The	
  

fractional	
  monolayer	
   coverage	
   of	
   oxidized	
   silicon,	
   calculated	
   directly	
   from	
   the	
  

oxidized-­‐to-­‐bulk	
   Si	
   2p	
   peak	
   area	
   ratio	
   according	
   to	
   a	
   conventional	
   model,1	
   is	
  

approximately	
  0.5	
  monolayer	
   equivalents.	
  The	
   silicon	
  oxide	
   is	
   likely	
   caused	
  by	
  

the	
  unreacted	
   silicon	
  hydride	
  bonds	
  underneath	
   the	
  monolayer	
  being	
  oxidized	
  

again	
  when	
  exposed	
   to	
   air. As	
  Si(100)	
   surface	
   is	
   terminated	
  with	
  a	
  mixture	
  of	
  

SiH,	
  SiH2	
  and	
  SiH3	
  species,	
  the	
  orientation	
  of	
  Si(100)	
  may	
  lead	
  to	
  the	
  formation	
  of	
  

self-­‐assembled	
   monolayers	
   (SAMs)	
   not	
   as	
   densely	
   packed	
   as	
   that	
   on	
   Si(111).	
  

Several	
  studies	
  have	
  shown	
  that	
  densely	
  packed	
  SAMs	
  on	
  silicon	
  can	
  prevent	
  the	
  

oxidation	
   of	
   silicon	
  more	
   efficiently.2-­‐4	
   Therefore,	
   it	
   is	
   easier	
   for	
   the	
   unreacted	
  

silicon	
   hydride	
   on	
   Si(100)	
   to	
   be	
   oxidized.	
   Nevertheless,	
   forming	
   an	
   oxide-­‐free	
  

surface	
   on	
   Si(100)	
   after	
   hydrosilylation	
   is	
   still	
   possible	
   as	
   reported	
   by	
   other	
  



researchers.5-­‐7;	
   c)	
  C	
  1s	
  narrow	
  scan,	
   revealing	
  an	
  asymmetric	
  peak	
  at	
  285.0	
  eV	
  

attributed	
  to	
  aliphatic	
  C−C	
  carbons,	
  a	
  second	
  peak	
  at	
  286.5	
  eV	
  assigned	
  to	
  carbon	
  

adjacent	
  to	
  the	
  carbonyl	
  moiety	
  (−CC(O)OH)	
  and	
  a	
  peak	
  at	
  290.0	
  eV	
  for	
  carbonyl	
  

–C(O)OH.	
   Experimentally	
   the	
   peak	
   area	
   ratio	
   of	
   aliphatic	
   C−C	
   and	
   two	
   other	
  

peaks	
   is	
   8	
   :	
   1	
   :	
   1,	
   which	
   is	
   close	
   to	
   the	
   value	
   (9	
   :	
   1	
   :	
   1)	
   predicted	
   by	
   the	
  

stoichiometry	
  of	
  the	
  atoms	
  of	
  undecylenic	
  acid.	
  

	
  

	
  

Figure	
   S3.	
   XPS	
   spectra	
   of	
   chemically	
  modified	
   Si	
   surfaces.	
   a)	
   The	
   nitrogen	
   1s	
  

spectrum	
  of	
  the	
  N-­‐Boc-­‐allylamine	
  monolayer	
  on	
  silicon,	
  showing	
  a	
  single	
  peak	
  at	
  

400.5	
  eV.	
  After	
  treatment	
  in	
  25%	
  TFA	
  (b)	
  two	
  peaks	
  are	
  recorded.	
  The	
  NH3+	
  and	
  



the	
  primary	
  amine	
  NH2	
  have	
  been	
  assigned	
  to	
  the	
  peaks	
  at	
  402.0	
  eV	
  and	
  400.2	
  eV,	
  

respectively.	
   This	
   indicates	
   amine-­‐terminated	
   surface	
   has	
   been	
   formed.	
   The	
  

surface	
  further	
  reacted	
  with	
  phosphate	
  shows	
  a	
  peak	
  at	
  400.6	
  eV	
  corresponding	
  

to	
  newly	
  formed	
  N−P	
  bonding	
  and	
  a	
  peak	
  at	
  402.0	
  eV	
  suggesting	
  the	
  unreacted	
  

amine	
   group	
   on	
   the	
   surface	
   (c).	
   According	
   to	
   the	
   ratio	
   of	
   two	
   peak	
   areas,	
   the	
  

phosphate	
   coupling	
   efficiency	
   can	
   be	
   estimated	
   as	
   65%.	
   Hence,	
   the	
   ratio	
   of	
  

nitrogen	
   atom	
   and	
   phosphorus	
   atom	
   on	
   sample	
   #2	
   is	
   about	
   1.54.	
   d)	
   The	
  

phosphorus	
  2s	
  spectra	
  of	
  the	
  N-­‐Boc-­‐allylamine	
  modified	
  sample	
  displays	
  a	
  broad	
  

peak	
  at	
  185.0	
  eV,	
  corresponding	
  to	
  silicon	
  plasmon	
  loss8.	
  After	
  the	
  treatment	
  of	
  

25%	
  TFA	
  and	
  phosphate,	
   a	
  new	
  peak	
  appears	
  on	
   the	
  shoulder	
  at	
  190.9	
  eV	
   (e),	
  

assigned	
  to	
  the	
  phosphorus	
  from	
  N−P	
  bonding	
  on	
  the	
  surface.	
  Note	
  that	
  the	
  peak	
  

area	
   of	
   N−P	
   component	
   in	
   N	
   1s	
   spectrum	
   is	
   equal	
   to	
   the	
   peak	
   area	
   in	
   P	
   2s	
  

spectrum.	
   The	
   above	
   results,	
   consistent	
   with	
   literature,9	
   demonstrate	
   the	
  

successful	
  modification	
  on	
  silicon	
  surfaces.	
  	
  

	
  



Van	
  der	
  Pauw	
  measurement	
  

	
  

The	
  shape	
  of	
  the	
  samples	
  for	
  resistivity	
  measurement	
  is	
  square	
  with	
  point	
  ohmic	
  

electrodes	
  contacted	
  at	
  the	
  four	
  corners.	
  A	
  voltage	
  is	
  applied	
  to	
  flow	
  current	
  IAB	
  

along	
  one	
  side	
  of	
  the	
  square	
  sample	
  and	
  the	
  voltage	
  along	
  the	
  opposite	
  side,	
  VCD,	
  

is	
   measured.	
   The	
   current	
   IAB	
   and	
   voltage	
   VCD	
   are	
   then	
   plotted	
   to	
   obtain	
   the	
  

resistance	
  for	
  one	
  side	
  RAB,CD.	
  After	
  repeating	
  the	
  process	
  to	
  the	
  four	
  sides	
  of	
  the	
  

square	
   sample,	
   the	
   sheet	
   resistance	
   of	
   the	
   sample	
   can	
   be	
   deduced	
   from	
   the	
  

following	
  equations.	
  	
  

exp −
πRx

Rs

"

#
$

%

&
'+ exp −

πRy

Rs

"

#
$

%

&
'=1 	
  	
  (1)	
  

Rx =
1
2
RAB,CD + RCD,AB( ),Ry =

1
2
RBC,AD + RAD,BC( ) 	
  	
  	
  (2)	
  

	
  



	
  

Figure	
   S4.	
   I-­‐V	
   curves	
   from	
   Van	
   der	
   Pauw	
   measurements	
   on	
   blank,	
   control	
  

samples,	
  sample	
  #1	
  and	
  sample	
  #2.	
  	
  

	
  



	
  

Figure	
  S5.	
  Electrostatic	
  force	
  microscope	
  images	
  on	
  control	
  (left)	
  and	
  monolayer	
  

nitrogen-­‐doped	
   samples	
   (right).	
   The	
   top	
   two	
   images	
   were	
   recorded	
   when	
   no	
  

voltage	
  was	
  applied	
  on	
  the	
  probe	
  tip.	
  The	
  bottom	
  images	
  were	
  taken	
  at	
  positive	
  

bias	
  of	
  1	
  V.	
  Under	
  positive	
  bias,	
  the	
  sample	
  with	
  different	
  doping	
  concentration	
  

patterns	
  induced	
  different	
  static	
  force	
  towards	
  the	
  probe	
  tip	
  and	
  thus	
  rendered	
  a	
  

phase	
  shift	
  profile.	
  The	
  image	
  for	
  nitrogen-­‐doped	
  sample	
  with	
  +	
  1	
  V	
  bias	
  shows	
  

no	
  abrupt	
  change	
  in	
  the	
  profile,	
  suggesting	
  the	
  even	
  distribution	
  of	
  dopants.	
  

	
  



Low-­‐temperature	
  Hall	
  measurement	
  

	
  

Figure	
   S6.	
  Dependence	
  of	
   the	
  Hall	
  resistance	
  of	
   the	
  nitrogen-­‐doped	
  sample	
  #1	
  

(a)	
  and	
  both	
  N	
  and	
  P	
  doped	
  sample	
  #2	
  (b)	
  on	
  magnetic	
  flux	
  density	
  at	
  different	
  

temperature	
  from	
  300	
  K	
  to	
  200	
  K.	
  

	
  

At	
   low	
  temperatures,	
   the	
  hall	
  measurement	
  results	
   from	
  sample	
  #1	
  show	
  non-­‐

linear	
  correlation	
  between	
  measured	
  resistance	
  and	
  magnetic	
  field	
  in	
  Fig.	
  S6.	
  It	
  

was	
   due	
   to	
   the	
  magnetoresistance	
   effect,	
   as	
   the	
   resistance	
   of	
   a	
   semiconductor	
  

generally	
  increases	
  when	
  the	
  sample	
  is	
  placed	
  in	
  a	
  magnetic	
  field.	
  The	
  measured	
  

resistance	
  between	
  point	
  1	
  and	
  point	
  2	
  (R12)	
  in	
  the	
  Hall	
  bar	
  is	
  not	
  the	
  actual	
  Hall	
  

resistance	
   (RH),	
   but	
   the	
   combination	
   of	
   magnetoresistance	
   (RM)	
   and	
   RH.	
   To	
  

extract	
   the	
   actual	
   RH	
   and	
   free	
   carrier	
   concentration	
   at	
   low	
   temperature,	
   the	
  

resistance	
  between	
  point	
  2	
  and	
  point	
  3	
  (R23)	
  was	
  also	
  recorded.	
  For	
  no	
  Hall	
  effect	
  

should	
  be	
  detected	
  between	
  point	
  2	
  and	
  point	
  3,	
  R23	
   is	
   consisted	
  of	
   its	
  original	
  

resistance	
  (RS)	
  and	
  RM.	
  As	
  an	
  example,	
  the	
  experimental	
  results	
  of	
  R23	
  and	
  R12	
  in	
  

the	
  function	
  of	
  magnetic	
  field	
  for	
  sample	
  #1	
  at	
  240	
  K	
  are	
  showed	
  in	
  Fig.	
  S7.	
  



	
  

Figure	
   S7.	
   Hall	
   resistance	
   Vs	
   Magnetoresistance.	
   a)	
   Dependence	
   of	
   resistance	
  

between	
   point	
   1	
   and	
   point	
   2	
   (R12)	
   on	
   the	
   change	
   of	
   magnetic	
   field.	
   b)	
  

Dependence	
  of	
  resistance	
  between	
  point	
  2	
  and	
  point	
  3	
  (R23)	
  on	
  magnetic	
  field.	
  	
  

	
  

The	
   two	
   curves	
   in	
   Fig.	
   S7	
   were	
   then	
   fitted	
   with	
   the	
   following	
   equations,	
  

respectively.	
  

R12 = RM12 + RH = r12 a+ cx
2 + ex4 + gx6 +!( )+ rH (bx + dx3 + fx5 +!) 	
  	
  	
  	
  (3)	
  

R23 = RM 23 + RS = r23 a+ cx
2 + ex4 + gx6 +!( )+ rS (bx + dx3 + fx5 +!) 	
  	
  	
  	
  (4)	
  

where	
   x 	
  is	
  the	
  magnetic	
  flux	
  density	
  and	
  parameters	
  such	
  as	
  a,	
  b,	
  c,	
  d,	
  e,	
  f,	
  g	
  …	
  are	
  

the	
   same	
   ones	
   in	
   equation	
   (3)	
   as	
   in	
   equation	
   (4).	
   The	
   fitting	
   result	
   of	
  

rH (bx + dx
3 + fx5 +!) is	
   the	
   actual	
   Hall	
   resistance.	
   Hence,	
   the	
   free	
   carrier	
  

concentration	
  nc	
  can	
  be	
  obtained	
  by	
  the	
  equation	
  (5).	
  

rHb = −
1
nce
,nc = −

1
rHbe

	
  	
  	
  (5)	
  



Table	
   S1.	
   Free	
   carrier	
   concentration	
   (nc)	
   for	
   sample	
   #1	
   and	
   #2	
   at	
   different	
  

temperature.	
  

Sample	
  #1	
  (nitrogen	
  doping)	
  
Sample	
  #2	
  (both	
  nitrogen	
  and	
  

phosphorus)	
  

Temperature	
  (K)	
   nc	
  (×	
  1011	
  cm-­‐2)	
   Temperature	
  (K)	
   nc	
  (×	
  1011	
  cm-­‐2)	
  

300	
   1.36	
   300	
   2.10	
  

280	
   1.12	
   290	
   1.85	
  

260	
   0.838	
   280	
   1.72	
  

240	
   0.562	
   270	
   1.61	
  

220	
   0.369	
   260	
   1.48	
  

200	
   0.202	
   250	
   1.34	
  

190	
   0.135	
   240	
   1.21	
  

180	
   0.0790	
   230	
   1.09	
  

170	
   0.0401	
   220	
   0.987	
  

160	
   0.0155	
   210	
   0.898	
  

	
   	
   200	
   0.843	
  

	
  



The	
  donor	
  energy	
  level	
  in	
  nitrogen	
  doped	
  silicon	
  

In	
   the	
  monolayer	
  doped	
   silicon	
   samples,	
   the	
  doping	
   is	
  highly	
  non-­‐uniform	
  and	
  

majority	
   of	
   the	
   dopants	
   are	
   located	
   within	
   a	
   thin	
   layer	
   below	
   the	
   surface.	
  

However,	
  the	
  electron	
  concentration	
  still	
  follows	
  the	
  universal	
  equation	
  below	
  to	
  

maintain	
  charge	
  neutral:	
  

nc = nD
+ + pc 	
  

where	
  nc	
  is	
  the	
  average	
  electron	
  concentration,	
  nD+	
  the	
  average	
  concentration	
  of	
  

ionized	
  dopants	
  and	
  pc	
  the	
  average	
  hole	
  concentration.	
  

	
  

For	
  our	
  case,	
  the	
  thin	
  doped	
  layer	
  is	
  always	
  n-­‐type,	
  and	
  hence	
  nc	
  >>	
  pc.	
  Then,	
  we	
  

have	
  	
  

nc = nD
+

	
  

→ nc = Nc exp
EF −Ec

kT
#

$
%

&

'
(=

ND

1+ 2exp EF −Ed

kT
#

$
%

&

'
(
= nD

+ 	
  	
  	
  (a)	
  

exp EF −Ec

kT
"

#
$

%

&
'=

nc
Nc

	
  

where	
  Nc	
  is	
  the	
  effective	
  density	
  of	
  states	
  function,	
  Nc ≈ 2
2πmn

*kT
h2

"

#
$

%

&
'

3/2

= w kT( )3/2 	
  

with	
  w	
  being	
  the	
  constant	
  related	
  to	
  the	
  band	
  structure	
  of	
  the	
  semiconductor,	
  ND	
  

the	
   concentration	
   of	
   donors,	
  EF	
   the	
   Fermi	
   level,	
  Ec	
   the	
   conductance	
   band	
   edge	
  

and	
  Ed	
  the	
  donor	
  energy	
  level.	
  	
  

	
  

Further,	
  the	
  right	
  part	
  of	
  equation	
  (a)	
  can	
  be	
  written	
  as:	
  



ND

1+ 2exp EF −Ed

kT
"

#
$

%

&
'
=

ND

1+ 2exp Ec −Ed

kT
"

#
$

%

&
'exp

EF −Ec

kT
"

#
$

%

&
'
	
  

	
  

In	
  the	
  end,	
  equation	
  (a)	
  can	
  be	
  rewritten	
  as:	
  

nc = Nc exp
EF −Ec

kT
"

#
$

%

&
'=

ND

1+ 2exp Ec −Ed

kT
"

#
$

%

&
'
nc
Nc

	
  	
  	
  (b)	
  

	
  

After	
  further	
  simplifying	
  equation	
  (b)	
  and	
  solving	
  the	
  2-­‐order	
  equation,	
  we	
  will	
  

find	
  

)exp(4

)exp(82

kT
E

kT
ENNNN

n
Dccc

c Δ

Δ
++−

=

    

(c)	
  

where	
  the	
  activation	
  energy	
  ΔE	
  =	
  Ec	
  -­‐	
  Ed.	
  

	
  



Sheet	
  resistance	
  results	
  from	
  a	
  different	
  type	
  of	
  wafer	
  

Si	
  (111)	
  wafer	
  as	
  doping	
  substrate	
  was	
  also	
  employed	
  into	
  the	
  nitrogen	
  doping	
  

experiment.	
  The	
  sheet	
  resistance	
  results	
  of	
  the	
  Si	
  (111)	
  sample	
  before	
  and	
  after	
  

monolayer	
  doping	
  is	
  shown	
  in	
  Table	
  S2.	
  The	
  result	
   in	
   line	
  with	
  that	
  of	
  Si	
  (100)	
  

also	
   suggests	
   a	
   successfully	
   nitrogen	
   doping	
   in	
   Si	
   (111)	
   by	
   self-­‐assembled	
  

monolayer.	
  

	
  

Table	
  S2.	
  Sheet	
  resistances	
  measured	
  by	
  Van	
  der	
  Pauw	
  technique	
  

Si	
  (111)	
  Samples	
  with	
  an	
  original	
  resistivity	
  of	
  15	
  kΩ.cm,	
  

thickness	
  of	
  300	
  μm	
  

Sheet	
  Resistance	
  Rs	
  

(kΩ)	
  

Blank	
  sample:	
  intrinsic	
  silicon	
  sample	
  without	
  any	
  surface	
  

modification	
  
457	
  ±	
  23	
  

Sample	
  #1:	
  modified	
  with	
  monolayer	
  containing	
  nitrogen	
  

	
  

165	
  ±	
  27	
  
H
N

O

O



Additional	
  SIMS	
  profiles	
  for	
  monolayer	
  doped	
  samples	
  

	
  

Figure	
  S8.	
  The	
  duplicate	
  nitrogen	
  profiles	
  of	
  the	
  N	
  doped	
  sample	
  by	
  SIMS,	
  

showing	
  good	
  reproducibility	
  of	
  the	
  experimental	
  results.	
  

	
  

	
  

Figure	
  S9.	
  The	
  duplicate	
  phosphorus	
  profiles	
  of	
  the	
  N	
  and	
  P	
  doped	
  sample	
  by	
  

SIMS.	
  

	
  



Table	
  S3.	
  Comparison	
  of	
  SiO2	
  formation	
  methods§	
  

Methods	
  for	
  SiO2	
  formation	
   ALD	
  
Spin-­‐on-­‐glass	
  

(SOG)	
  

Thermal	
  

evaporation	
  

Silicon	
  sample	
  (measured	
  sheet	
  

resistance	
  of	
  143	
  ±	
  21	
  kΩ)	
  
Sheet	
  Resistance	
  Rs	
  (kΩ)	
  

Control:	
  unmodified	
  wafer	
  coated	
  

with	
  SiO2	
  and	
  annealed	
  
121±13	
   116±6	
   109*	
  

N-­‐doped:	
  modified	
  with	
  N	
  

monolayer,	
  coated	
  with	
  SiO2	
  and	
  

annealed	
  

35.6±0.2	
   41.2±6.8	
   N.A.	
  

§	
 Only	
   the	
  data	
  by	
  ALD-­‐SiO2	
   capping	
   are	
  displayed	
   in	
   the	
  manuscript,	
   because	
  

the	
  experimental	
  data	
  using	
  SOG	
  and	
  thermal	
  evaporation	
  to	
   form	
  SiO2	
  coating	
  

are	
  incomplete	
  due	
  to	
  non-­‐scientific	
  reasons.	
  	
  

*	
  Only	
  one	
  repeat	
  was	
  done	
  for	
  thermally	
  evaporated	
  SiO2.	
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