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Outline 

1. Types of zb-NCs investigated, surface faceting vs. energy 
  
2. Key Variables – Significance and Usage 
  
3. Graphical Description of zb-NCs: Symmetry Arguments 
  
4. Hands-on Examples:  
    4.1 Derivation of Number Series for 111-Faceted Octahedral zb-NCs 
    4.2 A Glimpse on 111(dominant)  -001 Faceted Quatrodecahedral zb-NCs 
  
5. Applications 
    5.1 The Ratio NIF/Nbnd: Stress balance Between zb-NC and Embedding Matrix 
    5.2 The Ratio NIF/NNC: Interface Dipoles, Interface Charge Transfer (ICT) 
    5.3 The Ratio NIF

001/NIF
111:  Detecting Quatrodecahedral NC Shape/Size by EPR    

    5.4 The Ratio Nbnd/NNC: Response of zb-NCs to External Stress  
  
6. Conclusions 
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For details and respective number series, see  
AIP Advances 6, 085306 (2016)  [DOI: 10.1063/1.4960994] {open access}  
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[25] J. Electrochem. Soc. 140,  
       1080 (1993) 
[26] PRL 70, 1643 (1993) 

• {111} facets have lowest surface energy,  
 {001} facets have 2nd lowest surface energy 
 up to {433} facets[25,26]  {111}, {001} and   
 {110} facets most relevant for NC surface  
 orientations 

zb-NCs described: (a) {001}-faceted cube, (b) {111}-faceted octahedra, 
(c) {110}-faceted dodecahedra, (d) {111} pyramids with {001} base,  
(e) {111}-faceted tetrahedra, (f) {001}- [dominant]/{111}-faceted 
quatrodecahedra, (g) {111}- [dominant]/{001}-faceted quatrodecahedra 

• NC size from atomic volume,  
  assuming spheres to compare different NC shapes 

1. Types of zb-NCs investigated,  
Surface Energies & Densities, Size Derivation 
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We focus on Si-based NCs; results are valid for zb- and diamond lattice NCs 
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• Three numer series calcu- 
 lated over run index i: 
 # NNC[i] – number of  
  atoms forming zb-NC  
 # Nbnd[i] – number of bonds 
  between zb-NC atoms 
 # NIF[i]  – number of bonds  
  from zb-NC to its environ- 
  ment  = interface bonds   
• further very useful results:  
 # Nbnd[i] /NNC[i] – NC res- 
  ponse to external stress  
  like impurity doping 
 # NIF[i] /Nbnd[i] – internal vs. 
  external stress balance,  
  e.g. NC shape as f(dNC) 
 # NIF[i] /NNC[i] – interface  
  charge transfer, impact on  
  electronic structure of NC 

2. Key Variables Derived for zb-NCs:  
Significance and Usage 

For any NC spectroscopy technique: PL, Raman, EPR, XRD, APT, TEM, EL, etc.  
4 
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001 
-cubes 

111-octahedra 

110-dodecahedra 

3. Graphical Description of zb-NCs:  
Symmetry Arguments 

No IF bond  1 IF bond    2 IF bonds   3 IF bonds 

5 



Dirk König, IMDC and SPREE, Eng. Faculty, UNSW         slide      / 29                      17 Nov 2016 

111 
tetrahedra 

111-001 
pyramids 

111-001-quatrodecahedra 

001-111-quatrodecahedra 

3. Graphical Description of zb-NCs:  
Symmetry Arguments 
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No IF bond  1 IF bond    2 IF bonds   3 IF bonds 
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4. Simple Example: Derivation of  
Number Series for {111} Octahedral zb-NCs 
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dNC =  
11.0 Å 

dNC =  
7.3 Å 
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4. Simple Example: Derivation of  
Number Series for {111} Octahedral zb-NCs 
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dNC = 18.5 Å dNC  
= 14.8 Å 
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4. Simple Example: Derivation of  
Number Series for {111} Octahedral zb-NCs 
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dNC = 25.9 Å dNC =  
22.2 Å 
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4. Simple Example: Derivation of  
Number Series for {111} Octahedral zb-NCs 
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dNC = 33.4 Å dNC = 29.6 Å 
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Silane (SiX4): not a crystal but still zero 
element [i = 0] of number  
series (offset) 
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          4. Simple Example: Deriving the Number of  
NC Atoms for {111} Octahedral zb-NCs 

 differential quotient … 

 rearranging to recursive 
 number series … 

unravel it … 
and convert into sum formula: 
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No offset for  
i = 0 due to  
Silane (SiX4) as  
the zero element  
of the number series – no 
intra-crystalline bonds 
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          4. Simple Example: Deriving the Number of  
Bonds Between NC Atoms for {111} Octahedral zb-NCs 

 differential quotient … 

recursive 
number series … 

  convert to sum formula …  
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Silane (SiX4): not a crystal but still zero 
element [i = 0] of the number series, 
having four IF bonds 

          4. Simple Example: Deriving the Number of  
Interface Bonds for {111} Octahedral zb-NCs 

13 

Number series for IF bonds can be 
derived directly: 
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   4.1 More Complex Example: A Glimpse on 
{111} (dominant)-{001} Faceted Quatrodecahedral zb-NCs 

14 
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   4.1 More Complex Example: A Glimpse on 
{111} (dominant)-{001} Faceted Quatrodecahedral zb-NCs 
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   4.1 More Complex Example: A Glimpse on 
{111} (dominant)-{001} Faceted Quatrodecahedral zb-NCs 
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   4.1 More Complex Example: A Glimpse on 
{111} (dominant)-{001} Faceted Quatrodecahedral zb-NCs 

Important  
for  
EPR 

17 

dNC = 56.4 Å 

Si4672 
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[1] Nature Nanotech 3, 174 (2008) 
[2] PRL 72, 2648 (1994) 

5.1 Applications – the Ratio NIF/Nbnd:  
Stress balance Between zb-NC and Embedding Matrix 

• significant influence of stress on 
 balance zb-NC vs. embedding:  
 matrix dominates NC growth and  
 hence NC shape as function of  
 NC size 
• octahedral Si NCs is dominant 
 shape for dNC ≤ ca. 3 nm[1] 

• porous Si etching & self-limiting  
 oxidation provided smallest  
 Si NCs = 1.5 ± 0.2 nm[2]  
 no Si NC formation for  
 NIF/Nbnd ≥ 0.41 ± 0.06;  
• value specific to NC- and 
 matrix-material, e.g.  
 smallest Si NC size should 
 be bigger in Si3N4 due to 
 its higher Young’s modulus 
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[1] 

Si969F324  

1 nm 
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5.2 Applications – the Ratio NIF/NNC:  
Interface Dipoles, Interface Charge Transfer (ICT) 

• NIF/NNC depends on  
 # surface density of IF bonds, hence interface faceting – {001}, {110}, {111} 
 # ratio of surface atoms to all atoms which form zb-NC 
• NIF/NNC much higher for elongated structures; fins (fin-FETs) vs. {001} cube 
• NIF/NNC decisive for NC  
 electronic structure  
 modification by dielectric 
• graph shows NIF/NNC,  
 ICT dominates electro- 
 nic structure of Si NCs  
 for dNC ≥ 7 nm[1]; going  
 to a {001}-cube extends  
 the NC size to 12 nm,  
 further increase in  
 structure length can be  
 obtained by cubicle (fin- 
 FET, 14 nm technology) 

19 

[1] Appl. Mater. Interfaces 1,  
    1400359 (2014);  
    DOI: 10.1002/admi.201400359 



Dirk König, IMDC and SPREE, Eng. Faculty, UNSW         slide      / 29                      17 Nov 2016 
[1] PRB 78, 035339 (2008)     [2] Adv Mater Interfaces 1, 1400359 (2014)    [3] JAP 113, 033528 (2013) 

• Density Functional Theory for for Six(NH2)y vs. Six(OH)y
[1,2]: HOMO  1.5eV,  

                                  LUMO  2.1eV, Egap  0.6 eV (also in experimental data[3]) 

5.2 Applications – the Ratio NIF/NNC:  
Interface Dipoles, Interface Charge Transfer (ICT) 

Si165(NH2)100 Si165(OH)100 

• ICT is  ∝ IF area × IF bond density  
  ∝ dNC

2 for same NC type;  
higher NIF/NNC ratio  
 higher ICT 

Si341F196 

20 

Si455F196 
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5.2 Applications – the Ratio NIF/NNC:  
Interface Dipoles, Interface Charge Transfer (ICT)[1] 

• Highest occupied (HO-) electronic DOS (top valence)   
 of Si QWs by UV-Photoelectron Spectroscopy (UPS) 
• HO-DOS relative to EV(bulk Si):  
20 Å QW in SiO2 0.87 eV below 
20 Å QW in Si3N4 0.02 eV above à type II band offset  
 à HO-DOS offset = 0.9 eV for SiO2 vs. Si3N4  
• PL: Egap(Si-NC in SiO2) < Egap(Si-NC in Si3N4)  
 à lowest unoccupied (LU-) QW-DOS offset > 0.9 eV 

[1] Adv Mater Interfaces 
     1, 1400359 (2014) 

21 
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5.3 Applications – the Ratio NIF
001/NIF

111:  
Detecting Quatrodecahedral NC Shape/Size by EPR  

[1] JAP 104, 103518 (2008) 

[1] 

• split NIF of 001-111 & 111-001 quatrodecahedra 
 into partitions of 111 and 001 interfaces  NIF

001
,  

 NIF
111; calculate NIF

001 /NIF
111 per type of  quatro- 

decahedra to identify NC morphology or size (de- 
     pending 
     on which 
     is known) 

• Si NCs in SiO2, Electron Paramagnetic Reso- 
 nance (EPR) Spectroscopy[1]: 
 Interface-specific DB signals Pb(0) (111 IF) and  
 Pb1 (001 IF)  Si NC morphology by Pb(0) / Pb1  

001-111 Quatrodecahedron 111-001 Quatrodecahedron 

22 
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PRB 80,  
165326 (2009) 

5.4 Applications – the Ratio Nbnd/NNC:  
Response to External Stress – Self-Purification 

• Nbnd[i] / NNC[i] = 2 for i → ∞: each atom has four 1-nn atoms, each bond shared  
 between two atoms; 4/2 = 2 

23 

• Nbnd[i] / NNC[i]  with dNC[i] , 
 less bonds/atom for stress 
 compensation: self-purification, 
 introduction of DBs, stacking faults, GBs 

• Si-NC/SiO2 system: self- 
  purification for Nbnd[i] /NNC[i] =  
  1.96 ± 0.01 … 1.92 ± 0.02 
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5.4 Applications – the Ratio Nbnd/NNC:  
Size and Response to Embedding, Raman (Breathing) 

Si84H64              143.5 cm-1 

• breath modes well known  
  from organic molecules  
  (e.g. C60); should be  
  observable in colloidal   
  solutions with small NCs 

• NC breathing mode is longitudinal- 
 acoustic (LA) with  
 νLA → 0 for dNC → ∞  
 (k → 0 for dNC → ∞) 

Si10H16 
304.1 cm-1 

Si66H64               150.2 cm-1 

• DFT: B3LYP/6-31G(d), struct. opt. and force constant 
(FC) / 
spec- 
trum 

24 

Si35H36     192.0 cm-1  
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• breath νLA  has low electromagnetic (EM)  
 dipole moment  approximate by force  
 constant (FC) model: NNC[i], Nbnd[i]  
• IF atoms shift breath νLA with:  
  their mass mIF  → ν , IRaman     and with 
  FC(Si–X) bigger or smaller FC(Si–Si)   
  →  ν  or  
• shift of breath νLA by embedding rather small 

Si10H16 
304.1 cm-1 

Si10F16 
179.9 cm-1 

Si10Cl16 
130.5 cm-1 

Si10Br16 
92.3 cm-1 

mCl ≈ mSi 

• νLA intensity  by Cl termination: resonance 

25 

5.4 Applications – the Ratio Nbnd/NNC:  
Size and Response to Embedding, Raman (Breathing) 
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• breath νLA is in-phase vibration of all Si atoms 
  mostly 
 depends 
      Nbnd[i] 
      NNC[i]   
  use 
 νLA(1,X)  
 in fit to  
 include  
 interface termination and matrix strain 

on 

• good  
 νLA fit  
 for SixHy,  
 fair for X = OH, F; 
 not so good yet for  
 X = NH2, Cl; requires refined input/model 

Si84F64 
     102.45 cm-1 
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Si84Cl64 
     83.02 cm-1 

Si84H64                    143.46 cm-1 

5.4 Applications – the Ratio Nbnd/NNC:  
Size and Response to Embedding, Raman (Breathing) 
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[1] J. Phys. Chem.  Lett. 3, 1089 (2012) 

[1] 

[1] 

• no analytical description of fundamental LO/TO Si νLO/TO mode (521 cm-1) as  
 f(dNC) which fit experimental data, just least square fits[1]  
  no causality, hence no  
 interpretation and assignment  
 of results 

• analytical fits with NC-specific  
 parameters (NNC, Nbnd, NX) allow  
 for real data interpretation 
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5.4 Applications – the Ratio Nbnd/NNC:  
Size and Response to Embedding, Raman (Si Bulk Mode) 
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embedded NCs, fundamental optical mode (LO/TO) 
• νLO/TO → 521 cm-1 from below for dNC → ∞ (k → 0);  
 influence of ligand/matrix (NX/Nbnd)  with dNC ,  
 influence of NC interior (Nbnd/NNC)  with dNC  

[1] 

[1] J. Phys. Chem.  Lett. 3, 1089 (2012) 
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 νLO/TO(1,X)   
  includes   
  kinetics of  
  interface   
  termination  
  and  
  matrix strain 

Si84H64  
 
 
 
 
 
 
 
 
 
 
 
 
 
489.04 cm-1 

5.4 Applications – the Ratio Nbnd/NNC:  
Size and Response to Embedding, Raman (Si Bulk Mode) 
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6. Conclusions 

• seven high symmetry zb-NCs with minimum surface energy (max. occurrence): 
  001 cubes, 111 octahedra, 001 dodecahedra, 111 tetrahedra, 111 pyramids  
  with 001 base, 111-001 quatrodecahedra, 001-111 quatrodecahedra 
• Analytical description of NC atoms (NNC[i]), number of bonds between these  
  (Nbnd[i]) and NC interface bonds (NIF[i]) by explicit number series as f(dNC[i]),  
  surface faceting and shape; useable for any solid state spectroscopy technique 

• Nbnd[i] / NNC[i] as f(dNC[i]): gauge for stress response of zb-NC by DBs, stacking  
  faults, self-purification; working on analytic Raman-fits (maintaining causality) 

• NIF[i] / Nbnd[i] as f(dNC[i]): stress balance zb-NC ↔ embedding matrix; crystalli- 
  zation limit and polymorphism (segregation anneal, gas phase formation, …) 
• ratio NIF[i] / NNC[i] as f(dNC[i]): interface dipoles, interface charge transfer which  
  dominates (influences) electronic properties of Si (III-V) NCs 
• ratio NIF

001[i] / NIF
111[i] as f(dNC[i]): key tool to detect shape of quatrodecahedral   

  NCs (and other zb-NC shapes, see above) using Electron Paramagnetic  
  Resonance (EPR) Spectroscopy 

29 
For details and all number series  DOI: 10.1063/1.4960994  {open access}  
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