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m A changing environment

O From "homogeneous” (mostly Si/SiO,) to “heterogeneous” devices (SiGe, high-k,
Fins, 11I-Vs, graphene, dichalcogenides, phase/changing, spin/magnetic,...)
a From “narrow” (logic&telecom) to “diverse” applications (sensing, optical, energy
storage/harvesting, bio-sensing, low-power, wearable, ...)
Q From big...
¢ Cold electrons — mobility, effective mass

® Bulk materials — known atomic and electronic structure
® Big devices —> semiclassical transport
Q ...tosmall (UTBs, Fins, NWs, GNRs, CNTs,..):
® Quasi-ballistic, hot electrons —> full electronic structure
® Nanostructures —> unknown atomic and electronic structure, quantum confinement
® Small devices —> quantum transport (at least in principle...)

m \Why empirical pseudopotentials?
O “Tunable” to experimental data (as compared to “ab initio”, self-consistent
pseudopotentials)
Q Flexibility and physical accuracy of the plane-wave basis (as compared to
LCAO/TB... wavefunctions!)

Q Electron transport more cumbersome than TBs, but still manageable compared
to DFT
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m Electronic structure
O Born-Oppenheimer and single-electron approximations
O The concept of pseudopotential (self-consistent and empirical)
Q DFT vs. EPs
Q EPs for nanostructures (supercells) and examples: thin films, hetero-layers,
graphene, nanowires, nanotubes

m  Scattering
Q Electron-phonon interaction
* DFT vs. rigid-ion approximation (bulk Si, thin Si films, graphene)
* Scattering rates
Q Interface and line-edge roughness (Si films, graphene nanoribbons)

® Transport
O Semiclassical:
* Low-field (mobility) and high-field (MC) properties (Si thin films, graphene, NWs,
AGNRS)
QO Quantum-ballistic:
* Transport equation
* Open boundary conditions
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Electronic structure: Adiabatic approximation

®m  Full crystal Hamiltonian:

= |
B= 22 + Z O © 5 ZU(RO_RB) + ZVion(ri—Ra)
L 0 Q 2Mo 2 a3 i,Q
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®m  Born-Oppenheimer (adiabatic) approximation:

Ur(r) H, ®(R) + ®(R) H, Yr(r) + H ®R) Ur(r) = E ®(R) Tg(r)

with wavefunction Z(R,r,t) =~ ®(R,t) Yr(r,t) and lattice and electron Hamiltonians:
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of negligible magnitude:

V2OR(r) ~ Yi ki —>  &(R) Hy, UR(r) ~ m/M,,
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Electronic structure: Single-electron approximation

m  Full electron wave equation:
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m  Take care of anti-symmetrization (exchange) in steps...
1. Hartree: “mean field” due to all other electrons:

K2 o2 P* r’ s r’ ;
H;i(r) = [——V + Viae(r) + Z / Lt )dl‘] vi(r) = widi(r)

dmeq . lr — /|

2. Hartree-Fock: Add exchange term to lower repulsive electron-electron energy:
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Electronic structure: Kohn-Sham density functional

3. Local exchange & correlation Vze(p) p1/3 (Kohn-Sham, LDA) as in homogeneous

electron gas, good for ground state only (Hohenberg-Kohn and Kohn-Sham theorems):
A2 _o
5=V + Viae() + Veelp(@)] p 0(r) = with(r)

m

(V)at(r) includes also the Hartree term).
4. Additional schemes (GGA, meta-GGA, hybrid, DFT+U, GW corrections) to improve the
“band-gap problem”
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Electronic structure: Plane-wave methods and pseudopotentials

®m  Single-electron Schrédinger equation:
e
Y(r) + Vigr(r)v(r) = E ¥(r)

2m

with Bloch wavefunction (k,r) = ™" 3 g "
G

®  Matrix form: 5
h

2m

k+G|* - E(k)‘ uke + ) Vaor iggr = 0
G/
with lattice potential:

iGN 1 il O\
VGG’ o Z 2 WE=Ehee Q /g‘2V2'-0~n(1') € HG—G) dr = S(G— G/) Vi.o-n.,G—G’
= ;

m  Eigen-system too large (=10°, ionic potential too “steep” in the core), replace lattice potential

with ionic “pseudo’potentials
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Self-consistent (“first-principles”, “ab initio”) pseudopotentials

“Exact” wavefunction and potential outside core
“Node-less” wavefunction and singularity-free model/pseudo-potential inside core
Match radial derivatives at cutoff radius

Two approaches:

QO Orthogonalize valence wavefunction to core states, replace wavefunction with pseudo-wavefunction in
the core (nonlocal pseudopotential from OPW, Harrison)

O “Model” potentials (Animalu, Heine,...)

®  Now a “zoo” of pseudopotentials: Norm-conserving (Hamann-Schliter-Chiang), super-soft
(Vanderbilt), PAW (Blochl ),... generated starting from Hartree-Fock or DFT for isolated atoms

Pseudo wavefunction %seudo
\

All-electron wavefunction —

Pseudopotential

From D. Vanderbilt (2006)

IWCE-16, June 2013



Empirical pseudopotentials

m  Empirical forms fitted to experimental data (DoS via electron-reflectance, gaps and symmetry
points, experimental information about bands, etc.)

®  Various forms:

2 2
O Si, Ge (Friedel, Hybertsen, Schliter): Vs, c.(q) = a‘,(g —a) 1 faak (2T Y gy
' ea3(g“—aq) + 1 2 ag
4
Q -V (Zungeretal): Vir_v(q) = Z aje—bj(q—Cj)Q[l . dje—quQ]
i=1
. bo + big + bag® + bag® for (g <2)
O Hydrogen (Zunger, Kurokawa): V/ — . , =
(D) =\ b_i/q+b2/q® +b_o/q® +b_a/g* for (a>2)
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DFT vs. Empirical pseudopotentials vs. ETB

m DFT:

Q

I WA Ny

Q

“Transferable” pseudopotentials: The valence charge shifts with changing atomic
environment

Determination of the atomic structure now available and reliable
Phonon dispersion, stability (ab initio thermodynamics), reactivity
“Band-gap” problem (ground-state theory only)

Limited to 100-1000 atoms

Problems with long-range forces and strongly correlated systems

m EPs:

Q

Q

a
a

Calibrated to experimental information, gaps and masses reliable for transport ‘by
definition’

Million-atom systems (InAs pyramid-shape quantum dots with spectral-folding and FFT,
Zunger)

Non transferable pseudopotentials

Not predictive, no atomic relaxation

m  Empirical Tight-binding

a
a
a
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Eigenvalue problem of a smaller rank
Scales with number of atoms, not cell size
No information about radial part of electron wavefunctions



Empirical pseudopotentials: Bulk Si

o
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EPs and nanostructures: Supercells

® Enlarge the cell beyond the WS primitive cell— supercell
® Assume a ‘fake’ periodicity with supercells ‘sufficiently’ far apart

® Computational burden: Larger a, smaller z/a, more G-vectors (e.g., 14,000 for [111] Si NW)

Thin body/quantum well Nanowire
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EPs and nanostructures: Supercells

" Eigenvalue problem:

m

‘r

h.Q O a (n (n
Z [—fk -+ GfQOGGf + Vc(;l_t();z + (I)G_G' @{ZC);/ — En(k) 0{((3‘.

1 SO
Vga’t) - ﬁz &oTaigy, Vc(;a) Lattice (ions) potential
(8
1 .
b = ﬁ / dr (I>(1‘) (g-"G'r External potential
‘ Q

= External potential for 2DEG and 1DEG:

: : 1 L. i o
bn = OG” ‘I’G; — OG|1 S / dz ®(z) elGz2 2DEG supercells (thin films,
"L, Jo hetero-layers, graphene)

= = Il G
b = oG ‘I’G” =0a, — / dR (I)(R) elc’il R 1DEG supercells (NWs,
A 4 GNRs, CNTs)

Note: So far structure periodic in all directions, extensions available (open bc)
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2DEG Supercell: Si thin films
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2DEG Supercell: I1I-V hetero-layers/channels
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Si thin films/IlI-V hetero-layers: Some virtues of the EPs

; 1 InGaAs(6—cell)InP(6-cell)/AllnAs(6—cell)
3 Parabolic potential, Fs=10° Viem
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2DEG Supercell: Graphene and the Dirac points K, K’

From C. Schonberg (2000) From C.-H. Park et al., Nature (2008)
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2DEG Supercell: Graphene

Local pseudopotentials from Kurokawa et al., PRB 61 12616 (2000) (calibrated to diamond and
trans-polyacetylene) and Mayer, Carbon 42, 2057 (2004) (single-electron, calibrated to graphene)
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1DEG Supercell: Si Nanowires
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1DEG Supercell: Si nanowires
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1DEG Supercell: Si nanowires
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Atomic relaxation: 2 nm cylindrical [100] Si nanowires

Final DFT (VASP)
. converged coordinates




1 nm Si NW: DFT vs. EPs, relaxed vs. unrelaxed

® Some differences due to atomic relaxation and pseudopotentials (~50-50)
® DFT gap not too different: Quantum confinement dominates
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DFT results by S. Aboud
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Si NW: Band-gap vs. diameter and strain

® Band-gap in good agreement with experiments
® Direct (solid symbols)/indirect (open symbols) transition with strain
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1DEG Supercell: Graphene nanoribbons

Band-gap depends
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o . Na=
N,=3
e e S e
:
‘o :
o A
3=

N,=123456789

IWCE-16, June 2013 UT|D 26



ENERGY (aV)

E gap (€V)

1DEG supercell: Graphene nanoribbons
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0.0 02 0.4 06 08 1.0 0.00.51.01.52.02.53.0

DOS (10% eV~ cm™)
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Energy (eV)

Band structure of AGNRs: DFT vs. EPs

Qualitatively similar, gap almost identical, similar masses
Similar trend, same oscillatory behavior of gap, EPs fail (as also LDA) for the narrowest
ribbons (DFT+GW yields 2x larger gaps — Yang et al., PRL 2007)

EP (Kurokawa)

DFT

K, (/a)

-

10-AGNR
EP (Kurokawa)

K, (v/a)

11-AGNR
EP (Kurokawa)

K, (n/a)

E, (eV)

0 DFT - relaxed
m EP - unrelaxed

1 1.5 2 2.5

DFT results by S. Aboud
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Armchair Nanoribbons (AGNRS)

“Claromaticity” Dependent Band Gap

________________

3
0O DFT - relaxed
2.5 | N,=3p+1 m EP — unrelaxed
™ 2 r
—1 >
2 Lum 1.5
«— 3 .
4
S 05 |
—
6
A 0
0 0.5 1 1.5 2 2.5
W, (nm)
+«— N, *Edges modify the aromaticity patterns (Clar
sextets) which opens up a gap at the Dirac points
~5 A *Bandgap scales with inverse of width:
| | E_(3p+1)>E,(3p)>E,(3p+2
10-AGNR ¢(3p+1)>E,(3p)>E,(3p+2)

Periodic cell Courtesy S. Aboud
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sp? Aromaticity - Clar Sextets

Infinite Graphene Sheet

Clar Sextet
L3O

Nanoribbons

1 Clar Structure 2 Clar Structure n Clar Structure

Courtesy S. Aboud
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Spatial Electron Localization

Infinite Graphene Sheet

Tersoff-Hamann Approximation

a J. Tersoff, D.R. Hamann, PRB 1985, 31, 805

Nanoribbons

-
.

l

|
N N
t

o N o N~ N

)
\
/
\ :
/ )
\ {
/ {
} b

i

Courtesy S. Aboud
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1DEG Supercell: Carbon nanotubes

® Zigzag/Armchair circumferences or general (n,m) chirality:

o C,=na;+ma,
® Metallic for n-m=3p

Elys

| |
JA’ N - [e] - N w
o 0 SRR, (o SO, AR o R | 1, SPPIPIIRY. |

From C. Schonberg (2000)

AL
Sedegagags

4 %5
L. ‘0’0’0“ 220
ST 0.1@09

0’0‘3’:’0
e8¢ amn 0’0@
26 e62e e

From K. Ghosh, Stanford (2005)
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1DEG Supercell: Carbon nanotu

i AT T S ESEXATA 3
7 =SSR
05 11 9 14 = 4 4
e 2 T vk 3 3
€ ol i oot | 5 f = <
5 _1.0 B A a (n! ) — E 1 - E 1 E
; Kurokawa .
L Sr : = —doublet o of vmon s 75 &
< —apl i *—* (conduction) _ é o —--Mayer é ;
e r—doublet i w w
x |
25| [E-singlet o o Ny . -
_3.0 — A-A - —3 i S
_35 1 1 1 1 1
{ 2 8 &4 B & 7 4
CNT radius (A) - 2 o — A o : .
2.0 -— | 0.0 02 0.4 06 08 1.0 0.0 02 0.4 06 08 1.0 0.0 02 0.4 06 08 1.0
(n,0) CNT k; (Vaz) k; (Vay) kz (vay)
15 — . Mayer T 5 5 T lsl T T
' -
- bt O 1 Problem(?): (n,0) CNTs . =l
\ . 7o
T 05ma/ V) N\ P 111“ - metallic for n<10 due to 7T* 3 $ 3| —— -
B ol & ¥ S 7% | and o*-singlet curvature- 2 2 i |
5 ANA _A 1 Induced hybridization = 4 N |
2 05 | (Gulseren et al., PRB (2002)) - s lsna s . {5 )
—10 — — % — Kurokawa
15 g = {_ i
. -2 -2 'J% i
_20 | | | | | | ;,C__;__i_
i 2 3 4 5 6 7 Real-space calculations =3 ez g . -
CNT radius (A) by Zhang and Polizzi “4F 4 .
(SPIKE/FEAST) — g baaes® e . .
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
k, (n/a,) DOS (10° eV~ cm™)
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2D Supercell: Carbon nanotubes

banad 38
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m  Scattering

Q Electron-phonon interaction
* DFT vs. rigid-ion approximation (bulk Si, thin Si films, graphene)
* Scattering rates
QO Interface and line-edge roughness (Si films, graphene nanoribbons)

IWCE-16, June 2013 UT|D 35



Electron-phonon Hamiltonian

® |nteraction Hamiltonian:
f[ég) = / dr p(r,t) M/’(")(r,t)

® Lattice (pseudo)potential can be self-consistent (DFT), empirical, model potential (TB),...

® Rigid-(pseudo)ion approximation:

sV (r,t) = NIQ Y WO —r—71,) - AP ()

L,y

® Interaction Hamiltonian (rigid-pseudo-ion, Cardona’s group for llI-Vs, Yoder for Si, ...):

oy 1" (7) 1 () 32-( +G”)-T
BY =Y Y dar )3 off, o v, e
n,n’ Q’GT{ ~

7_ 1/2

. i(q+G”)r iwqQ nt .t $
g 2 ' C / b b CK.n

(‘ZPQ’wQ’n> . K+Q,n ( Q,77+ Q’n) K,
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PHONON ENERGY ( meV )

&

Py
(=)

]
<

Electron-phonon scattering in bulk Si

EL-PH SCATTERING RATE ( 10" s7")

w

N

—

1 1
—— |BM (1988)

- Urbana (1991)
— — = |BM-Urbana (1991)
B Urbana (1993-94)
----- Osaka (1994)

' | | | |

0 1 2 3 4 5

ELECTRON ENERGY ( eV )

MVF and Higman, 1991
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Rigid-ion electron-phonon scattering in graphene: Matrix element

® Matrix element:

<K/n/|H(77)|Kn Z D(’?) / dr u’f_y}(g’)*(r) ei(q+G).r u{v,&l)(r)

T Y v i(q+G)-T
DQ( 7,)G = q - G E Q( ’)n V ( I)G 3 )T AQ,n

A = h Nq,n
37 QPZwQ,”? 1 + *'NQ,T]

® Exact expression (too time consuming):

<K,‘"-,|H(n)|K” Z D(n) K, G gg/ )G+G’ l‘%()c
e Mo

® Normal processes (no Umklapp) only:

(K'72'|H(n)|Kn) ~ 'D(n) _K.0 Z u£<, )G uég)G

G
® No in-plane Umklapp:

1 fr(m) 5 (n) _(n)x  (n)
(K'n |H 7IKn) = Z y 2L R @ =0,G, Z Uk 'c UK .G
G, G
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Electron-phonon scattering in graphene: Phonon spectra
200

B From “Born-van Karman” method

Q Atomic force constants from fit to experiments or
DFT (Falkovsky, Phys. Lett. A (2008);
Zimmermann et al., PRB (2008)).

O Include 4t nearest neighbor interactions

150

ENERGY (meV)
o
o
|

graphene
I

K M

Courtesy C. Sachs

No Kohn anomalies! Cannot get them without
self-consistency (Born-Oppenheimer also questionable)
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Rigid-ion el-phonon scattering in graphene: Matrix elements

® Deformation potentials for initial state at the K-point as a function of phonon wavevector in the
BZ (dynamic zero-T screening, Wunsch et al., New J. Phys., 2006)

075 I 8 [ | I 075 I 8 | I I
1.99x10° eV/cm 4 35x10% eV/cm

0.50 0.50

025 025
T
& 0.00 0.00
&

025 10.25

-050 050

-075 ' ' : : ' 075

-0.75 -050 -0.25 000 025 050 075 -0
0.75 . . . . 075
4.26x10% eVicm

0.50 0.50

0.25 025
s
000 0.00 Borysenko et al., Phys. Rev. (2010),
<« DFT (Quantum Espresso) results for

-0.25 10.25 - .

matrix elements
-050 0,50 2
| 1 1 | | | | | | |

075 L 075
075 050 025 000 025 050 075 -075 -050 025 000 025 050 075
q, (2n/a) q, (2n/a)
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Rigid-ion el-phonon scattering in graphene: Matrix elements

® Deformation potentials for initial state at the K-point as a function of phonon wavevector in the
BZ (dynamic zero-T screening, Wunsch et al., New J. Phys., 2006)

q, (2m/a)

q, (2m/a)

Borysenko et al., Phys. Rev. (2010),
05 DFT (Quantum Espresso) results for
= 0.0 matrix elements

IWCE-16, June 2013



Rigid-ion el-phonon scattering in graphene: Scattering rates

® Total rates by mode (only in-plane Umklapp processes included):

1018 o

graphene| 300K |

in—plane no Umklapp

013 dynamic screening

total

—

(@»]
-
w
l

|012

EL-PHON SCATTERING RATE (1/s)
o

|011

1011 =

1010 |« graphene 300 K | 10

J in—plane no Umklapp
dynamic screening
109 = | | | 109
0.0 0.5 1.0 1.5 20 0.0 0.1 0.2 0.3 04
ELECTRON ENERGY (eV) ELECTRON ENERGY (eV)
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Rigid-ion el-phonon scattering in graphene: Scattering rates

® Overall comparison EP/rigid-(pseudo)ion vs. DFT:

101 13
grapheneI 300K | 10 o
o~ in—plane no Umklapp — DFPT e sl
E 108 L dynamic screening N AEERRE Fitted
2 total 10
o
2 1012} . N - e
= -
1
. 110
S 10" - R -
- - B
O TA 77} LO 10 g
2 F - - -TA/LA (|ntraYaIIey)
Bt =-=- op + TA/LA (intervalley)
109 i | | | 109
0.0 0.1 0.2 0.3 04 : ) ' ) ' ) ' )
ELECTRON ENERGY (eV) 0.0 0.1 0.2 0.3 0.4
Energy (eV)
Rigid-ion

Borysenko et al., Phys. Rev. B 81, 121412
(2010): Full DFT from Quantum Espresso
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Rigid-ion el-phonon scattering rates: Screening
® Effect of dynamic screening (Wunsch et al., New J. Phys. Rev. 8, 318 (2006))

10" | | =
__ ;| graphene 300K 1 Screened matrix element (T=0 K):
» el ljn—plan_e no Umklapp i o
= ;L dynamic screening | S (K'n'|HP |Kn)

K'n'|H Kn
ol IR = T GroQ)rrA(Q: wan)
s
O =1 RPA polarizability:
=
4 2 2 1(Q,w)
Urpa(Q,w) = _
E RPA(Q.»U) i [02/(2h0Q)]H(Q,w)
S
n 1012 i _
e 9 o
O o n=0 i
o £/ n=1012§>2m‘2 : ]
| sl f n=3x10"“cm™ |
L S n=10" cm™ |
.ﬂfl | | |

0.0 0.1 0.2 0.3 0.4
ELECTRON ENERGY (eV)
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Deformation Potential Scattering

Rigid-lon Fitted Deformation Potentials
14 | |
graphene 300 K

= in—plane no Umklapp
= 101 L dynamic screening i 1
L
e total
o (DiK)p=5.1x10% eVicm |
2 1012} 1 ¢ e
= d
— T
E() 1011 il _ = = _ - E
2 oy A,.=0.8eV , =
- i Jr : Sy
g A a2 LO - iy (DK)op=3.5x108 eV/icm

10 = ] - =
T, WU g | i
L . TO ¥ s ]

109 S T | | I:/:I::::;__‘T'_l_'_r T NN TR NN A NN AN NN SN SN N S !
0.0 0.1 0.2 0.3 0400 0.1 0.2 0.3 04
ELECTRON ENERGY (eV) ELECTRON ENERGY (eV)

Courtesy S. Aboud
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Roughness-induced scattering

m Two approaches to roughness scattering:

O Macroscopic (Ando): Assume “barrier potential’, perturb wavefunctions
* Pros: Ensemble average ‘on the fly’, qualitatively correct
* Cons: Effective mass, a bit ad hoc

O Microscopic/atomistic: Add/remove atoms/assume a particular geometric
configuration

* Pros: Microscopically/geometrically correct
* Cons: Need “expensive” ensemble average over many configurations

m New approach: Merge the two perspectives:
O Use EPs to shift/add/remove atoms and obtain “scattering” (pseudo)potential
O Normalize the scattering potential by actual “displacement”
Q Calculate scattering rate with a statistically averaged roughness power spectrum

Note: Prange-Nee terms only, no Coulomb effects... yet...

MVF and S. Narayanan, JAP 2011
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Pseudopotential-based SR/LER Scattering

= Combine atomistic/configurational approach with macroscopic (Ando’s barrier

potential) approach: |
0 SR Hamiltonian for (pseudo)atomic shift : HED () = i Z Aq V(aﬂc i(G-r+QR)
QG
QO SR Hamiltonian for insertion/deletion of atomic lines:

SR i(Gr+Q-R —iGTa 1/ ( —iG-T! y,(a’)
HED (@)= ) e Q)[Ze Vel — ) e avG]

GQ fat af
Q Matrix elements for UTBs, cylindrical NWs, AGNRs:

d(V (B d(V (b)
VI({.?I}%{(::C)n AK—K’ [/ (n )*( ) M ”)( ) _+_ / CI((' (~) < dz( )) K (Z)]

(SR) 2 (SR) 2 1 2 (n ) d"*z('l'at)(R) 4]
Vep i = WV ) % 5= Y (Biviin i —w,)) | | dR R 9 37 (R) — o piu(R)
2]

73 L
2ol
k n'.n
= Expected results for Si UTBs and cylindrical NWs
" Huge LER scattering rate for AGNRs due to chirality-dependence of the gap

2

L |p(ERleft)

k! k.n',n
zivzy :

ER) (ac)
.Vk' kz,n/,n

2 1 2
— Z {(IAE\I:’{?;P) ['I(FR.lef;t.+)

.;; ?kz_'.n s

2

+

e <|A§:zght)| > [

k n'.n
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SR Scattering: Si UTBs

1. Uniform atomic shift (correlated): (5% (p) = ; Z AGVETIE, AT HaR)

QG

2. Add/delete atoms (un- and anti-correlated)

HED )= Y HEHHAR) [Z grtaile gl 5 G T Vé“')]

«

3. rms roughness:

3.0

25

20

Eqep (6V)

13

1.0
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= AN )

| 1 1
o gap atT (unprimed)
L e gap at A (primed) _
- Egap.bulk —>1
| | 1
4 6 8 10
z(ap)

’

Squared wavefunctions
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25
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SR Scattering: cylindrical Si NWs

1. Atomic shift in radial direction
2. Decompose scattering potential and wavefunctions into angular-momentum components
3. rms roughness: i
A%A? A B -
2y __ il i 2
(|Aq|") = o !l + 5 (Tg +q )}
3.5 T | | 20 T T I T I I
lat
| 15 L Si[100] D=1nm R <VEUR)>
3.0 - =1
2
25 -4 S
> £
=20 41 <
ui » o
1.9 TR e
[100] Si =
1.0 | circular cross-section NWs _|
05 | | | | | | —20 | | 1 | 1 | |
00 05 108 15 20 25 30 35 00 01 02 03 04 05 06 0.7 0.8
WIRE DIAMETER (nm) R (nm)

_ Radial wavefunctions of various
Gap vs. thickness angular momentum, radial
pseudopotential and SR potential
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LER Scattering: AGNRs

1. Add/delete atomic lines at left/right edges
2. rms roughness:

l I
_ 015~ 11-AGNR —
(ALY = V2A%AQL + ¢?A%/2)7 ! _ A A

Y (nm)

N,~AGNR

3

c

— >

O

)

3

0.0 0.5 1.0 1.5 2.0 2.5 2

W5 (nm)
Gap vs. thickness 06 -03 00 03 06 09 12 15 18

X (nm)

Squared wavefunctions and SR potential
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SR and LER Scattering: Matrix elements

T T T T T T 101 — T LB S e e |
: 3 Si %
,L 9cells Sl, 2 ceIIs. vacuum i [100] NW
-~ parabolic potential -
E 1071 | (1.1) transition o NE ol |
= o ] 2
K o _ Nﬂl
o~ 5 = _g
@ al ]
. £ <
SIUTB —» <€ st g =0 o (1)
= =100 , ;
2= 2r _ - & = (2,2) «— S.I NWs
2 e ® Homogeneous shift = A (33 Radius
= A A Average interfacial potential (3.3)
— 102 g o . 1) dependence
8 © Interfacial potentials N 1072 3 _ | \ !
. BT \ ‘ L ! 10°
Field dependence & 7 8 500 2 s 4 Nanowire radius R. (nm)
5 T T N T T T T
) Surface Field F. (MV/cm) P 8, " !
Thickness dependence : T g Faom
E i h\“
102 . —— T ezl “eR d
& uncorrelated = . :
z i E ﬁ’&.q ]
E =< ire gp 1 = = Vo s
) = | A 3p+ A
% 100 - — & o 3g+2 (even) A\‘
~ L &15 101E |_m 3p+2 (odd) 2
o~ T lated (1,1 :
.- : i L —1 — AGNRs
2l o0 . 5 N Width/chirality
e o ol mh —] dependence
% i g Sl \\‘\.\~~ 1
R =N
2 4 % 1 1 1 i 1023:_ jL‘é’\ _:
10 0 2 3 i B ¥ v e} l 4 o . o Dl ;
10 10 B & o “\Amﬁ
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SR/LER Scattering: Huge for AGNRSs!

10'® T
[ F. - 251105 viem
| Qw", 101° | |
5L J *W A AGNR |
‘:.\\,.\. \A\ ' \ M/\/L\w/\ 'I
2 'I\ B T R S T 1018 |- t Ng =7 -
= 10MH Fo=10°Viem | !
2 | ‘ I«
© [ . ' iy
3 \\ SiUTB . i
1013 _\\ - | @ 10 "T‘.l : i -
A =0.1 nm, A = 2.5 nm, uncorrelated gl I{ \ & =" X
Exponential autocorrelation c S ' k ¢ i il
11—cell Si 4—cell vacuum w N b INOrEE
1012 | | | | §
00 01 02 03 04 05
10 T T I T T
Cylindrical [100] Si NW '
p—_ A =0.1 nm, A = 2.5 nm, uncorrelated
-~ Exponential autocorrelation
= A 1014 | | | | |
2 § H 0.00 005 0.10 0.15 0.20 0.25 0.30
Note scale!
b B i s Q Due to chirality dependence of the gap
| O Beyond perturbation theory (Born but mainly transport!)

IExponelntial atIJtocorrcl-:'Iation |

10%®

0.00 005 0.10 0.15 020 025 0.30
E-Eq (eV)
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LER scattering in AGNRs: “Aromaticity” dependence and magnitude

® Smooth bandgap dependence on thickness of Si films (left) and NWs (not shown)
® Chirality-dependent gap for AGNRs (DFT, EP) — large and aromaticity-dependent

dE/dW
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1.5

1.0
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® Transport
Q Semiclassical:
* Low-field (mobility) and high-field (MC) properties (Si thin films, graphene, NWs,
AGNRS)
O Quantum-ballistic:
* Transport equation
* Open boundary conditions
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Semiclassical Transport: Mobility and MC

" Avery interesting trip (Kohn&Luttinger; Argyres; Price): From Liouville-von Neumann to
Boltzmann:

df(r,k,t)
- ot

’ L Op 1
H, p] = "h‘ﬁ = —2VkE(K) - Vef(r,k t) + eVep(r,t) - Vief(r,k, ) +

+ > [ Wk K)f(r. K. t) — WK k) f(r.k.t)]

kl

= |Low-field mobility (from a linearization of the Boltzmann transport equation):

e B l)
oo =N gy ————
;‘l‘lj ﬁ P ‘. ()Kjf "

with momentum relaxation rate (2DEG):

1 217J' dK' 1-f(E") { v(t')(l\")T(u)(K')f{v)(K')}
l X X X

T#V(K) — ﬁ (277)2|M#K'_1'K|-&E#(K) _E,;(K') i ﬁ(t)KI_K] X —1 _f(E) - v(/L)(K)T(,LL)(l\)f(#)(K)

" High-field (Monte Carlo or direct solution)
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Semiclassical (MC) Transport: The Boltzmann equation

- final state

flk,r,t)

—— collision

diffusion

diffusion

~ @ drift \\ trajectory of a

single particle
=
; . r
df(k,r,t) dk _ dr df(k,r.t)
28t R S )= — -V f(k,r,t e 17 2
5t @ Vk{‘(k X, ) di \V4 {'(k r t),+( Y .

-

"drift" "diffusion” "in" - "out"

Courtesy S. Laux
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Semiclassical (MC) Transport in Si UTBs

1 | qu v 7(2D) 2 L(wj) Scattering rates for 1D
r("’)( o Vi K;.q: " KK, nn' (g2) IVapE;| E supercells. Overlap factors
" main numerical issue. l
—(2D) . ey (n)
IK.,K',H,H,(Q:) — Z / d~ £G”.KI(~) G” K( )
Gy
= Low saturated velocity (6x10°cm/s) unexplained
so far
= Due to dispersion in primed valleys
1014 T T T T T T T T T T T T T T 107g_lllvll| T T T T T T
Empirical deformation | EPsandrigidion  — 1 5F Small saturated velocity "
i P _— " @ - due to broken parity sy,
potentials . = ]
~ / E .
2 //' = ©
310” 2eellsi i | 8 2
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Electron mobility graphene

" From MC evaluation of diffusion constant D and u=(dn/dEg)(e/n)D (Zebrev, Intech 2011)
® Density and field dependence: Stronger n.-dependence than total scattering rates, screening
of momentum-relaxation time more effective for zone-edge modes (~100-120 meV ~ /imp)
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Drift-velocity vs. field

® Negative differential mobility? Deviation from linear E-k dispersion?
a Some do (full-band: Betti, Pisa; Akturk, Maryland), some don’t (Shishir, ASU; Bresciani, Udine)

® Density dependence: Crossover at small fields (~101-to-102 VV/cm), screening vs. nonlinearity of
E-k dispersion
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Theoretical results by Sudarshan Experimental results by Dorgan et al.,
Narayanan (UT-Dallas PhD Thesis) APL 2010, graphene-on-SiO,
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Importance of the Band Structure
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Momentum relaxation rate calculated from
full bands (EPM) and deformation potentials.

101

10

3x3 Si NW: Electron-phonon interaction and mobility
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Electron mobility as a function of applied field (non
self-consistent... yet...).
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Si1 NW: Ballistic conductance vs. diameter and strain
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AGNRs: Electron mobility vs. width

® “Claromatic” dependence of mobility*
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Results by Jiseok Kim (unpublished, 2013) *see Aboud’s talk
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Edge termination of AGNRs and LER scattering

3
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DFT results by S. Aboud and J. Kim
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Silicane nanoribbons

= Need sp3bonding configuration to minimize edge-effects:
a Graphane, silicane, germanane... NRs
Q DFT and ab initio thermodynamics needed to assess stability

(a) $ 1112 (b)

1234567 8 91011

JJJJJJ

11 aSiNR 8 zSINR
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Silicane NRs: EP vs. DFT and atomic relaxation

4-zSIiNR (1.108 nm) 7-aSiNR (1.152nm)

EP: nonlocal
7-aSiNR (w=1.152 nm)

EP: nonlocal
4-7SiNR (w=1.108 nm)

~ DFT:PAW-GGA(PBE)

DFT : PAW-GGA(PBE)

Energy (eV)
Energy (eV)

2 i 4-2SiNR (w=1.108 nm) 2r I 7-aSiNR (w=1.152 nm)
1 L —— Relaxed (Eg=3-763 eV) 4 | —— Relaxed (Eg=2.399eV) | 1 f —— Relaxed (Eg=4.008 eV) - — Relaxed (Eg=2.725¢V)
------- Unrelaxed (E =3.599 eV) -----= Unrelaxed (Eg=2.344 eV) --==== Unrelaxed (E =3.876 eV) -----=-Unrelaxed (Eg=2.683 eV)

m EPM comparable to DFT except the smaller band-gap in DFT = due to band-gap
underestimation of GGA

®  No significant effect of atomic relaxation

DFT results (VASP) by J. Kim
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Silicane NRs: Relaxation, band-gap and ballistic conductance

a) EPM (UNRELAXED)
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Electron phonon Interaction and mobility
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Electron mobility as a function of applied field

(non self-consistent... yet...).
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(orientation effect)

Results by J. Kim

UT|D




Quantum Transport

e Boltzmann Transport Equation:

1. Device length L >> A4, coherence length (packet size) of injected electrons — describe
electrons with their 'central position’ r

2. Weak scattering — energetic broadening of injected electrons  Ep ~ fivin /Ay < < Eck, some
characteristic energy (e.g., kBT, €Vp, Eave) — describe electrons with their ‘central (crystal)
momentum’ k

3. 'Self-averaging' collisions (tricky tricky, revisit below): Boltzmann-like collision term

4. Thus, semiclassical description of distribution function f(r, k, t)

of |1 . _ [ _dK / / - :
L ~VKB(K) VoS + €Y,V (1) Vif = / 3 906 K) S K 1) = SO, K7 (1, K, )]

e Pauli Master Equation: retain assumptions 2 and 3, but drop 1

f\ - T

Boltzmann
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Quantum Transport

"  Approaches to handle quantum transport:
Q Ballistic, all equivalent (NEGF with DFT, EPs, TB, etc,), just different basis
Q Dissipative:
 NEGF: Unsolvable in practice (...the Dyson equation... Gordon Baym, ISANN 2011)
» Wigner function: Serious issues with boundary conditions (F. Rossi et al.)
» Density-matrix (Master egns., Semiconductor Bloch Equations): Same-time Green’s function...
How much information do we lose?
" Open boundary conditions:
O Quantum Transmitting Boundary Method (QTBM, Lent and Kirkner 1990)
O Rarely implemented with plane waves and pseudopotentials (Ihm-Choi 1999, DFT)
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An open system

+ . +

L—reservoir n | n R—reservoir
f(L) f(R)

A

(R)
"
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Ballistic transport in an open system
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A dissipative open system

dp,°
- r s e =
s o [ Wsr Py = Wyrys py° ] + reservoirs = 0
—'= [ 2 0, 4,V A2 KORSPVPENCIN.
X ™ P 19 1Ay o o P el Ay
'4_: I\ cﬂ.f Y\ 'J‘ I\ ‘v“O ".v,‘.“.‘. "\"°.“U'U' J IWJW’ Hin IIIIII!IM“
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Scattering: A Monte Carlo Solution

e Like Boltzmann, but no field (already included ‘exactly’ in the | > eigenstates)

e Start from ballistic solution, divide total charge into ‘particles’, place them in states according
to equilibrium distribution at the contacts, stochastically re-distribute them among states
(scattering), extract/inject them into/from contacts, solve 2D Poisson, solve 2D Schrédinger,
iterate...

e Scattering processes included:

— Intravalley acoustic:

- ‘V(GC) oz n' I El :
T ":t)(k) % Zu; 23/2E1/2h2c2 p, Furu 0(E) .

(E' = Eu + r%k*/(2my.) — E)
— Intervalley (6 phonons):

m (DI\) 1t . 1
(n) ’ L £ . ? y
‘”“'i)(k) Z " z,; 23"2E’1f’2hpxww (Qi 3 T n“") LB B Y

(E' = Ey + R°E*/(2my.) F hwiv — Eyr).
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A straight/tapered/dog-bone DG (pseudo)Si FET

® Quantum access resistance matters as much as phonon scattering...
® Will impurity-scattering change the picture (more reflection/diffraction at dopants)?
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Impurity scattering: Phase-breaking or not?

e Electron-electron interactions are " self-averaging” (RPA), provided there are "many"” electrons.
e Scattering with ionized impurities:
— Non-phase-breaking in 3D beyond Born: Just many Coulomb-potential "wells” affecting the

transmission amplitude of each propagating state.
Dissipation (i.e., decoherence) only after ensemble-averaging
— In 2D: Either "unaveraged” Born (including coherence over multiple collisions)

2
N; imp

o 27
W) o — 5(E,, — E,) Z / dR ¥} (R) Vimp(R — Ra) ¥ (R)

a=]

followed by explicit (time-consuming) ensemble average over configurations {R,}, or go
back to Van Hove (and Kohn-Luttinger):

Y y\ y\ < IJI H(I)(O)(t) |A > < )\|H(I)(3)(t,) |[.L S |

{ra} A

employing " self-averaging”’ directly:

\zmp
Wi o — ()(Eu, —E) )

a=]

2

/ dR 3! (R) Vimp(R — Ra) ¥ (R)
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DGFET with dopants: Density and potential
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DGFET with dopants: Current-voltage characteristics

" Impurity scattering (purple lines) reduces the effect of ballistic (black
lines) access resistance... as expected(?)
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Supercell + EPs: Open boundary conditions
= \Wave equation for arbitrary potential and atomic structure:

h? 2\ _ | )
Z {% (|g+K|2— d32> Og.g’ T pz—z’(z)} P w(2) = E(K) dex(2)

= \Wavefunction:

vk(r) = ¥x(R,2) = N paaefa)i B
o :

A1/

= Main problem: Resolve variations of lattice
(pseudo)potential with z-discretization

Q Choi and Ihm, Phys. Rev. B 59, 2267 (1999):
transfer-matrix-like method.

Q For atomically periodic structures assume slow
variation of the external potential (‘envelope’)

IWCE-16, June 2013 UT|D 79



Supercell + Envelope: Open boundary conditions

= Supercell+Envelope differential equation for atomically periodic structure:

Y &2 R d
= 2m dz? m - dz

Wi (z) = V&

= \Wavefunction:

1KR

/ L (n) ~

G

ﬁsz
2m

feXel

oc. c,/—}—nc G’( )}OG( ) = Eoc(z)

= Huge (N,xNg)x (N,xNg) block-tridiagonal linear system (Polizzi's FEAST/SPIKE)

i ﬁ(l) + E(L) T(-{'-)

T L
T DU T 0

0 T DO TH)

0 0 T DU+

T-)

F+)

DY) 4+ 5®)

[ (AL+30) ¢ ]

0
0
0

0

= The ‘usual’ finite-difference discretized Schrodinger equation, but with ‘scalars’

D, T — Ngx Ng blocks
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Supercell + Envelope: Boundary conditions

= Effective mass (one band, no evanescent waves): The “Frensley” approach:

= 141, yn =t
o = ek + (y-1) ks WN = Wy €A
y(L) = [(7:2/(2m A2)] (e-ka -gika) y(R) = [(7:2/(2m A2)] eika
Q One coefficient (“r”) sufficient to link wavefunction inside to wavefunction in contact
" Full-bands need N coefficients “r;”.... i.e., the full complex band-structure of the
‘contacts’, in principle...
a X1 and X®: Left(right)-reservoir/device interaction (i.e., b.c., self-energies)
. h- S (L1) (L2 u M)
E(L) e __ (L) (L) lk]lpA J ([J] _ OG}, (Dc_;2 G_2
g (QmA? “omA )Z Me MPG' M .
J(L,1) (L.2) (I 'u )
QGNC "GNg LGA‘(.‘ I

O Must solve an eigenvalue problem of double the rank and non-Hermitian!

0 I H(L.R) HL.R)
[ -HU"RHO](E) _gL-B)(1) ] k. d Jfl R) = k; k. (1 R)

a ...and must invert dense NgxNg matrix to obtain the coefficient r !
Q Since ‘far-away’ bands matter exponentially less, invert, instead, ‘rectangular’ matrix relative
to ‘near’ bands (Moore-Penrose pseudo-inverse’)
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Quantum transport: Complex bands of a Si NW
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Quantum transport: A Si NW

Closed system (|'¥|? of a certain energy state) Open system (zero bias)

Electron Density in Si [100] nanowire (110) sides,
(1x1x3) Si, 1 “cell” of vacuum padding

Courtesy Bo Fu (2013)
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Quantum transport: A Si NW with a potential barrier
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Courtesy Bo Fu (2013)

IWCE-16, June 2013 UT|D] 84



m Electronic structure
O Born-Oppenheimer and single-electron approximations
O The concept of pseudopotential (self-consistent and empirical)
Q DFT vs. EPs
Q EPs for nanostructures (supercells) and examples: thin films, hetero-layers,
graphene, nanowires, nanotubes

m  Scattering
Q Electron-phonon interaction
* DFT vs. rigid-ion approximation (bulk Si, thin Si films, graphene)
* Scattering rates
Q Interface and line-edge roughness (Si films, graphene nanoribbons)

® Transport

O Semiclassical:
* Low-field (mobility) and high-field (MC) properties (Si thin films, graphene, NWs,
AGNRS)
QO Quantum-ballistic:
* Transport equation
* Open boundary conditions
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Additional material
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Exchange-Correlation Energy

Exchange-Correlation Energy

E. [p1=T1p1-T{ o))+ Vel P1-Vyl pl)

/

. Error in using a classical ription of
Error from using a non- the electron gelectron interdaec?iimpt one
interacting kinetic energy

Local Density Approximation (LDA)

E.lpl= | pt)s,. (o)dr

Other flavors:

DFT+U

Meta-GGA Functionals
Generalized Gradient Approximation (GGA) Hybrid Exchange Functionals

GW Corrections
E.lpl= | p(r)e, (0. Vo)dr

Courtesy S. Aboud
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Density Functional Theory

wavefunctions to determine all the physical

Nel .. .
Electron density: p(r) _ Z‘Wi(r)f Use electron densities instead of the
=1 properties (Thomas and Fermi 1927).

Hohenberg-Kohn Theorems (1964):

1. The ground state energy of a many-particles system is a unique
functional of the particle density.

2. The energy functional has a minimum relative to variations in the
particle density at the ground state density.

Kohn-Sham Equations (1965):

h2
{—Mvz 0+ Vi [o0)] + Vi [p(r)]}mr) = ey(r)

FA] T faermom w3 [ar[ar 2070 v, 0

KE noninteracting PE between electrons \1: Everything
electrons and nuclei Hartree PE else!

Courtesy S. Aboud
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DFT: The Good and The Bad

What DFT can do:

“ Geometric and electronic structure

“* Phonon dispersion — dynamical matrix method, linear response

¢ Stability - ab initio thermodynamics

“* Adsorption/Absorption/Bonding — electron localization function, density of states,
ab initio thermodynamics

** Reactivity
Bransted Acidity/Basicity (hydrogen donator/acceptor) — bond valence

Lewis Acidity/Basicity (electron-pair acceptor/donator) — workfunction,
Bader charge, density of states

When DFT can fall:

**Over estimates binding energies

“*Underestimates band gaps

<+ Difficulties with long-range interactions

“*Ground-state theory — no excited states

“*Problems with strongly correlated systems (e.g., late transition metal oxides,

sulfides) Courtesy S. Aboud
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Phonon Dispersion Calculations

Small Displacement Method
AJ
|:Is = = _ZCDIS iU
dJIS Irsr

”zs . Displacement of ion s in the unit cell |

Force-Constant Matrix
_oU
Dynamical Matrix Is.I's Al A,

1
D.., = D, .. expl-iq-R
SS (q) m ; Is,0s p[ q l]

1. Calculate the force constant matrix with
VASP with the atoms in their equilibrium
position

2. Diagonalization of the dynamical matrix
done with PHON! — generates vibrational
frequencies and amplitudes

Z [Dss’ (q) - a)25ss’ ]”SO =0

D, (q)—@°5,,|=0

1 D. Alfe , PHON: A program to calculate phonons using the small displacement
method, Computer Physics Communication, 2009.

Courtesy S. Aboud _
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SINRs: Ab initio thermodynamics: Stability analysis

® Zigzag and Armchair edge free energy:

1
Qe = Z[GSNR - Ng,m, - Nan,] Neglecting the contributions due to the vibration frequency:
1 1 o kT &EpC
1 (Ns —=Ny) m(T,p)=-m(T,p) =5 E, +m(T,p")+——Ing 5=
Vedge = 71 Gor — NSigé?ﬁet + : 1uH2:| 2 2 " 2 92
2L 2 \ )
Y
100 K 10199 10120 1080 1040 10° JANAF Tables
1060 1050 1040 1030 1020 1010 100
300 K i i i i i i i
10%° 1025 1020 1015 1010 105  1Q°
600 K i i i i M i i
15 . ® Silicane sheets stable only at very low partial
- 7-aSINR ;
1 F — — 47SiNR pressures of hydrogen, predicted to break

into ribbons under ambient conditions

® Edge free-energy not significantly influenced
by the ribbon width

®  Armchair edge ribbons only slightly more

}/ed ge (eV/A)
o
)

-0.5 favorable (compared to graphene in which
- zigzag edges are significantly more unstable)
1
-1.5-2 1.5 -1 -0.5 0
aX .
m, - m (ev) DFT results (VASP) by J. Kim and S. Aboud
See Aboud’s talk
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Si NRs: Electron mobility vs. width
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Mobility in zSINRs >> aSIiNR (orientation effect) .
Results by J. Kim
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EPM vs DFT

3.0 T T T T T T T T T 0.50 T T T T T T T T
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\\ a 3p+ e 045:5 ! N 3:
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®m Good agreement between EPM and DFT
QO EPM : empirical pseudopotential from Kurokawa
Q DFT : PBE (GGA), Ultrasoft pseudopotential

®m Sudden jump in effective mass due to the band crossing as the
width increases.
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Deformation potential
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m  Uniaxial deformation potentials extracted from DFT.
m Vacuum level when equilibrium as an absolute energy reference.

®  Aromatic dependent deformation potentials :
Q Ay (3p+2) > Aye (3p+1) >> Ay (3p)
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m Kubo-Greenwood « Effective mass
Q Full band from EPM (exact — Effective mass obtained from
subband energies and EPM and DFT (parabolic
wavefunctions). band approximation)
a Explicitly calculating the — No overlap integral.
overlap integral. — No subband effect.

| J
!

Electron-phonon scattering using the deformation potentials
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Momentum relaxation rate
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Aromatic dependence
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m  Aromatic dependent deformation potentials :
Q pGp)>wp@Ep+2) >pu (3p+l)
m Same aromaticity from Kubo-Greenwood and effective mass approximation.
®m  No significant different between EPM and DFT in effective mass approximation.

m  Electron mobility mostly dominated by the deformation potentials but some contribution
from effective mass.
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