6.730 Physics for Solid State Applications

Lecture 28: Electron-phonon Scattering

QOutline

e Bloch Electron Scattering

e Deformation Potential Scattering

e LCAO Estimation of Deformation Potential

e Matrix Element for Electron-Phonon Scattering
e Energy and Momentum Conservation



General Scattering Potential

Ug(r,t) = U%(r)e ™ 4+ U®(r)eT!
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S(k,K) = |Hfy [P6(E(K) — E(k) — hw) + |Hiy[26(E(K) — E(k) + Tw) |

U*(r) e ™" final state energy is greater than initial ===> absorption

US(r) eT% final state energy is less than initial =) emission



Scattering from a Slowly Varying Potential
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Scattering Rate Calculations
Example: 1-D Scattering from Traveling Wave

Uz(2,t) = Ag eTi(Pz=wt)
1 5 . .y
Hy,p = E/—_L Aﬁ otiBza—i(K'—k)z 4,
2
= Ag 6(k' =k+ ) §=0o0r1
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S(k, k') = — [Agl? & (E(k’) — E(k) — Tzw) 5(k' = k+3)

e Periodic potentials conserve total momentum..

K =k+8



Scattering Rate Calculations
Overview

Step 1: Determine Scattering Potential
Ug(r,t) = U%(r)e ™ 4+ U®(r)eT!

Step 2: Calculate Matrix Elements
Hyyy, = /V i (1) US(r) g (r) dr

Step 3: Calculate State-State Transition Rates

2

S(k, k) = == || H [P8(EK) — E(k) = fw) + |Hiy |25(BE(K) = E(k) + Tw)

Step 4: Calculate State Lifetime

1
=S Sk, k) (1— (K
O (1= F(K))
Step 5: Calculate Ensemble Lifetime

<T>




Electron-Phonon Scattering Potential
Beyond the Born-Oppenheimer Approximation...

e Phonons change the electron energies by changing the bond displacement
e Both shear strain and local volume changes alter the electron energy

...change in the bandstructure due to a dilatation of solid by sound wave...

OHe

He_ion = Ue_phonon & v leq. AV

OFn(k OFEn(k AV
~ i )|eq.sz (k) leq. V' | =
oV ",

OFE,(k
D 4 = acoustic deformation potential = ( n(k) |eq.V>

Relate the phonons to local changes in the volume (lattice constant)....



Electron-Phonon Scattering Potential

a(r,t) = A sin(B -7 — wt)

V- -a(r,t) = B-a(r,t)

vV —
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Bl = o #0

Only LA phonons cause local changes in the volume (lattice constant)....



Electron-Phonon Scattering Potential

Ue—ph — DAv-ﬂ(T, t) = DAB' a(r,t)

Conduction band (diamond):
Ec(r) = Fs + |4Vssa|

Valence band (diamond):

4 8
Ey(M) = Ep — |z Vppo — = Vpprl
3 3
TLQ

Wl’m



Electron-Phonon Scattering Potential

OEn (k)
A= anv ea V

h2 Vi 1

Virm = Mirm, 3 =) 5 dml = =2V —
o 8En(l’)| v 8En(l‘)| ad(r)| o 8En(l’)| d
AT Ty BCT T T Ty T T T gq €13
1 8
Ec(r) = Fs + |4Vssa| |::> DAC — _8|‘/880|E : 3

4 8 2 4 8
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Electron-Phonon Scattering Potential
Silicon Example

OFEy (k)
Dy = Vv
A 37 leq
1 d 38 2 4 3
Dy, = —8|Vssa|g '3 —§|Vssa| Dy, = 3 |§V§9p0 — gvpml
= —5.42 LCAOTheory = +41.75 LCAOTheory

a/c—a/v:DAc_DAv

= —-7.17 LCAOTheory

—10 ApproxExperiment



Phonon Displacement Operator

Ue—ph — DAVU(Tat) — DABUIB(Tat)

See Lecture 11...phonon displacement operator

77 h ~ (Br—w ~T _—i(Br—wt)) =
UB(T’ t) = %Jvawﬁ (GJBG (8 t) + age (8 t)) €3

relating mass for continuum solid and discrete lattice pV = MN

_ 7 | |
_ — ~ _i(Br—uwt) ~T _—i(Br—wt)
Ueph, = Eﬁ Dy (B-€3) J 20V er; (aﬂe + age )



Scattering Rate Calculations
Overview

Step 1: Determine Scattering Potential

_ 7 | |
_ — ~ _i(Br—uwt) ~T _—i(Br—wt)
Ueph, = Eﬁ Dy (B-€3) J 20V er; (aﬂe + age )

Step 2: Calculate Matrix Elements
Step 3: Calculate State-State Transition Rates
Step 4: Calculate State Lifetime

Step 5: Calculate Ensemble Lifetime



Electron-Phonon Matrix Element

7 h ~ _i(fr—w ~T —i(Br—w
Ue_pp, = S Dy (B-€3) J (aﬁe (Br—wt) 4 age (8 t))
s

2pVwg

Phonon absorption...

Vi > = [Ypr > |n5 > = |¢nk7n5 >

|¢f>: |¢nk’> |n5_1 > = Iwnkanﬂ_l >

B = 3\ 5 (5-5) D (i = 1™ )
+3 0 (B-e5) Da{$ppmg+ 1 [ahe "

3 2,0Vw5

Yk nﬁ>



Electron-Phonon Matrix Element

h o ~ 18r
B = 3\ 5 (5-5) D (i = 1™ )
o i
3\ 2pv; (P %) Da (s g + 1™ g, mg)
Hygpr = ZB: 2/);% (3@5) Dy <<¢nk/ eiW‘ ¢nk> Ny <¢nk/ B_iﬁ'r‘¢nk> Vst 1)

For long wavelength phonons, can make slowly-varying approx... £ < g

= zﬁ: (BEB) DA (\/@ 5k’:k—|—ﬁ -+ ,/nﬁ—l— 1 6k’=k—ﬁ)
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Scattering Rate Calculations
Overview

Step 1: Determine Scattering Potential

I h ~ 1 (Br—w gl et (fr—w
Ue—ph — Z D 4 (Bgﬁ) J (aﬁe (3 t) + a T 1 t))
B

2pr5

Step 2: Calculate Matrix Elements

Hkk’ — zﬁ: (B EB> D 45 (\/_ 5k’ k48 —+ \/nﬁ‘l‘ 1 5k’ k— 6)

2pr5

Step 3: Calculate State-State Transition Rates

Step 4: Calculate State Lifetime

Step 5: Calculate Ensemble Lifetime



Electron-Phonon Scattering Rate

2 h P
— D 01—
2pr5 P ATB OK=k+p

2 h 2.
— D 1) 0p/—
20Veog BDy (ng+1) dp—=_p

N T 22 /
S(k, k) = pvwﬁﬂ D3 ng p—pig 5(E(k)—E(k) - nwﬁ)

+ m 52D124 (ng+1) dp—=g_p o E(k") — E(k) + hwg
pVuwg



Scattering Rate Calculations
Overview

Step 1: Determine Scattering Potential

— h
_ — ~ _i(Br—uwt) AT —Z(,B’I“ wt)
Ueph, = %DA (B 65) J 20V er; (aﬂe + a )

Step 2: Calculate Matrix Elements

Hkk’ — zﬁ: (B EB> D 45 (\/_ 5k’ k48 —+ \/nﬁ‘l‘ 1 5k’ k— 6)

2pr5

Step 3: Calculate State-State Transition Rates
S(k, k') = —p1p 0 (E(k’) — E(k) — hwﬁ)

PVB

pv kg (E(k’) — E(k) + nwﬁ)

Step 4: Calculate State Lifetime

Step 5: Calculate Ensemble Lifetime



Energy and Momentum Conservation

hk! = Rk + R

E(k)

TLQ k/Q

2m*

h2k2

2m*

_|_

E(k) £ fwg

h232 N 2h%kBcos®  R2k?

2m* 2m* 2m*



Energy and Momentum Conservation

RK = Tk + T3 E(K) = E(k) + Tug
K2 h2B2  2h2%k 6
4 AT peoso + Twg
* D 2m*
2m*
hB = F2hkcosl + - hwg

. T
For acoustic phonons...8 <« -

wg = vsf = hB = F2hkcosl & 2m v

%k
— 2%k | T cos® + — %
hk



Energy and Momentum Conservation

m*ug
hB = 2hk Ccosf +
. (¢ M)

Typical acoustic phonon velocity... vs & 10%em /s

Velocity of typical electron (300 K)... vy = 1O7cm/ s

hB =~ 2hk(F cosh)

hBmax
]
e
FiBmaz = 2Tk s |
hk hk

final inital



Energy and Momentum Conservation

Maximum momentum exchange...

Maximum energy exchange...

hwﬁmax = hfBmazvs ~ 2 - (m*vth)vs

~~ 2 (% . 10739kgq] - 107[cm/s]> 10°[cm/s]

o (L 10-301ka1. 1051 /s1) 103Tm /s
N2<20 10739kg] - 10°[ /])10[ /s]

~ 107 *[eV] = 0.1[meV]

Acoustic phonon scattering is essentially elastic for 300K electrons...



Scattering Rate Calculations
Overview

Step 1: Determine Scattering Potential

— h
_ — ~ _i(Br—uwt) AT —Z(,B’I“ wt)
Ueph, = %DA (B 65) J 20V er; (aﬂe + a )

Step 2: Calculate Matrix Elements

Hkk‘/:Z (B €B>DA(\/_ 5k/ k+5—|—\/’n5+1 5k’ ke— 6)
B
Step 3: Calculate State-State Transition Rates
S(k, k) = ks 0 (BE(K) — E(k) — hwg)

2pr5

prB
—I— v

e, B2D3 (ng+1) Sp—p_p 6 (E(K') — E(k) + Tiwg)

Step 4: CaIcuIate State Lifetime

T(k) —%S(k KD (1 f(K))  w=—=d T(k) —%S(k k')

Step 5: Calculate Ensemble Lifetime




Energy and Momentum Conservation

E(k") = E(k) £ fwg

h2k2 + h232 N 2h2kB cos 6 _ h2k2

2m* 2m* 2m* 2m*

+ waﬁ

ok T Tk

_m B _m
= kﬁd(icos&+2k$ hk)



Electron-Phonon Scattering Time
Preview

S(k, k') = —— B52D3 ™) g P _ms
(I E) = Ve, PPams (TLQkﬁ eSOt ok T i

T 2212 m* 3 B | m*us
+Vw5 B<D3 (ng+1) (h2k6>5< cosf + 2k+ - >

1 N o NV 2w oo r1 ,
Gy = D) = L8k = s | de [T [ S K)ds d(cos6)



