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Quantum
well

Chain of quantum wells forms a 1D periodic structure

similar to a crystal lattice

But since the lattice period is much longer than for

this type of structure is known as a

any natural crystal
“Superlattice”
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Drift velocity of electron, v,

|~ v
12
ol Onset of.BIoch oscillations dp 0
localises electrons eF = X V = —
® 8} and reduces their - — dt =
= drift velocity X
s ° l
% 4 . pxd
EfpRI=AI=cas )
X
2 L. Esakiand R. Tsu, h
IBM J. Res. Dev. 14, 61 (1970)
00 10 20 30 40 50

V (mV)

v, (F) = %Z]OVX (t)exp(~t/7)dt
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THz applications of SL

» C.P. Edres et al, Rev. Sci. Instr. 78 043106 (2007)

Frequency multiplier in
high-resolution THz

spectroscopy
(room temperature)
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THz applications of SL

* P. Khosropanahet al, Opt. Lett. 34, 2958 (2009)
Phase locking of a 2.7 THz quantum cascade laser

PO e e

~2735.3 GHz ; HEB LNA ' RT Amplifier

7 "
@—onxsz X15 ==, = u ~1.44 GHz
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SL | ~2736. 7D QcCL

i
l
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THz applications of SL

Y. Shimada et al, Phys. Rev. Lett. 90 046806 (2003)

foosf 7 7 T 7] lon:
_ og Relo(al] .~ absorption:
e _———— ] ] .
%504 Imiotw)] | S.A. Ktitorov, G.S. Simin,
i = - 1 0.00 V.Ya. Sindalovskii, Sov.
25 Phys. Solid State 13
g 00p---r---o | 005! (1971) 1872.
—_ 06 V=+06V i 0003_ V=+O1V
@ F=1kvicm | F =11 kV/em
5 04 0 =022THz | o (fit) = 1.96 THz
g T t =015ps | | $ 1,=015ps |
~— ¢ - ‘ : =
(\% 02! . =15ps | 0.001s 1, =1.5ps
E f
a6 8 100 5% 8 10
Frequency (THz) Frequency (THz)

(a) (b)
THz emission under optical injection ( T~10K)
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MODEL EQUATIONS T

Electric field: F(-F, 0, 0)
Magnetic field: B(Bcos®, 0, Bsin®)
Dispersion relation:

A p.d 1 > :
E(p) = —(1— X
(P) 2( COS h)+2m*(py+py)

Electron impulse: p(p,, p,, p,)

Balance equation: p =-eF—e(V ExB)

p, =eF —,p, tan® Cyclotron frequency:
o, =eB/m’
p, =matan @ sin(P%) oy, :
2h f @, = @, C0SO

o =P,
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MODEL EQUATIONS II:

. ) M'w’Asin20 . dtan®
pz +(()|| pz - A Sln( h pz _a)bt)

All other states can be expressed in terms of p,:

px =eFt - pz tan ®’ py — C()”_l pz

dA . dtan® . P . P
SN —(Z)t . — Z ’ / = Z
2K ( h P b)Y wm’ "

X =
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ELECTRON ORBITS:
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Z Barriers : Z B
L, Lt L
X | B 30X 45 ] CDBZ_
9 — OO All orbits to

same scale
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Cyclotron frequency ~ B
Bloch frequency ~ F

.e .
pZ +a)c pz _

10 SL periods
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pz (arb. units)

."-

Py (arb. units)

Stochastic web

broken
when

@, | @, CcosSO = n

!

Integer

at most

field values

Off resonance chaotic orbits are localised —» current low



Stochastic web

formed
when

a)b/a)CCOS@:n

! T

~F integer

p (arb. units)

l.e. at discrete

field values

py (arb. units

On resonance chaotic orbits are unbounded —» current high
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Chaotic electron S trajectory at cyclotron-Bloch
resonance

,._.\
oo

p, (10 kgms ) ~
o
|

20/

—_
o
T |

—
o
[ T

a | I 1 | i
20 40 0 10 20

Py (10" kg ms) o, w,cosO =1


http://www.lboro.ac.uk/

B Loughborough
University

ELECTRON DRIFT VELOCITY —
1 ¢ l
v, (F)==Y" j v, (t)exp(~t/7)dt
T+ 9%

|

' o ' ' ! Summation over all
6=0 starting velocities
:@ Onset of Bloch oscillations
g localises electrons
S and reduces their
:@ drift velocity
O
0 | I | |
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ELECTRON DRIFT VELOCITY —
°° |
v, (F) = levx (t)exp(~t / 7)dt
T+ 9%

T

Summation over all
starting velocities

Fromhold et al., Phys. Rev. Lett. 87,
046803 (2001); Nature 428, 726 (2004)
Fowler et al., Phys. Rev. B. 76, 245303
(2007)

Vy (arb.units)

Balanov et al., Phys. Rev. E. 77, 026209
(2008)

| r= “{B/‘“q COS I@

0 1 2 3 4 5 | Related work on “Ultrafast Fiske Effect” by

6 -1 Kosevich et al., Phys. Rev. Lett. 96,
F(107Vm™) 137403 (20086)
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ELECTRON DRIFT VELOCITY 175 fs

v, (F)== Zjv (t) exp(— t/r)dt
T 0

vq (F) curves were used as a
basis for calculating 1(V)

by self-consistent solution of

v (arb.units)

 Current continuity equation
* Poisson’s equation

r= w.B/wC. cos 0

! throughout the device
0 1 2 3 4 5

F(10% v m-1)
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Semiclassical transport model

Emitter SL Region Collector
/_H/ — = Y A
n* n*

Current density J,=n evd( m)+D(Fm)(nm +1 ~Ny)/ AX
: ; : : V I

Fo Fq F, F |:m+1

FN FN+1
m_ m+1) /eAX

» and Poisson equations F ;4 - F, = (N, - Np) €AX [ EQE,
« self-consistently requiring sum of voltage drops =V
A N

» Calculate current I(t) = Jm
N +1 m=0

- Solve charge conservation equations dn /dt = (J
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Theory ® = 90° Experiment

0 =90°
—~—

al/dV (arb. units)
[CENE il SN lnits)

| |
\ — — <5°
®=0° ©=0"]
B=11T, T=42K
0 0.2 0.4 0.6 0 0.2 0.4 0.6
V (V) V (V)
Fromhold et al, Nature 428, 726 (2004)
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Theory
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Theory
100 -

Unstable stationary
solutions in very good agreement
with DC experiments

I (mA)

V (V)
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3 I I 6 +

V =490 mV, 6 = 0° ‘Tm Domains originate from
= negative differential velocity
p’
s S
- ) S ) | Esaki-Tsu peak
o I 0 1 2
Al For reviews see, e.g.,
A. Wacker, Phys. Rep. 357, 1 (2002);
Collector L. Bonilla and H. Grahn,

Rep. Prog. Phys. 68 577, (2005);
E. Scholl, Nonlinear Spatio-temporal

Dynamics and Chaos in
Semiconductors (CUP, 2001)

Propagating domains can generate
electromagnetic radiation at frequencies
> 100 GHz [e.g. Schomberg, Renk et al.,
t (ps) 100 Appl. Phys. Lett. 74, 2179 (1999)]

Emitter
0




o \ 1 1
= 0]
V=610mV, 6 =40

4 Electron density (Log scale)

Collector

Emitter
0
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t (ps) 100 Emitter Collector




o I I 6
<
V=610mV, 0 = 40°

TR
\

"

fl J\’“/ 0 - .
o ] 0 1 2

r= u)choC cos O

Collector When 6 = 0°, there is only one

region of negative differential
velocity

But when 0 = 40°, there are 4

and each creates a charge
domain

Emitter
0 t (ps) 100




o \ 1
ad 0]
V=610mV, 6 =40

rj\l/J
o_ _ | Eventually, the domains merge into
—

one fast “superdomain”. ..

Collector _ ...which creates a large I(t) peak

when it arrives at the collector

Let’'s now compare Fourier power spectra
of I(t) for 8 = 0° and 6 = 40°

Emitter
0

t (ps) 100



V =490 mV, 6 = 0°

V =610 mV, 6 = 40°

Fundamental peak at
12 GHz dominates...

little power > 200 GHz

x10
A

~

N

o

Fourier power (arb. units) Fourier power (arb. units)

5th harmonic at 92 GHz
dominates...

more power > 200 GHz

0o

02 04 06 0.8
f (THz)

1.0



= =0° I
V=490mV, 6 =0 Vertical axes have

same scale
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A |
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p.-r(ﬂ = el — C*”J_I-’y(f)
dAm™*w D
py(t) = L sin (1‘1

2h -
p-(t) = wpy(t). Cyclotron frequencies
w|=eB cos#/m*
_ _ () d R » I K
v (t) = () = vosin (f A ) wy=eBsiné/m

Maximal miniband velocity of electron vy = Ad/(2h)
Drift velocity for particular initial momentum P(P,, Py , P,)

ug(P) = uf ve(t)e™dt.  y=1/7 - scattering rate
0
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Effect of temperature on drift velocity of electrons v

Drift velocity for particular initial momentum P(P,, P, , P,) \L:‘
z

ug(P) = H/ v (t)e " dt.

0
We assume the Boltzmann statistics for electron momenta

, Py P} +P?
f(P) = Lommir (1o i)~
h A A
. Dbk T
Z = (2w ) m LBTdIU (‘)LBT) B

Averaged drift velocity of electrons

Thfd
Vg = / / / f(P)ug(P)dP,dP,dP,
Fﬁfd

A. Selskii et al, in preparation
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pl(f) =efF — Wj_py(f)

dAm*w,| . [ pe(t)d
ST ( - — w)p=(1)

p=(t) = WHPQ(ﬂr
@ IFeay > @i

pz(t) = eF —w,p,
I-.)y( ) = —w”p:(f)
P=(t) = wypy(t),

~

F.G. Bass et al, JETP Letters 31, 314 (1980).
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@ Solution!

Wl : W | _
pe(t) = p|+eFt——p, mn(wnf + o) + ——p sin ¢y,

Sl ad|

py(f) =pL COS(wa -+ L‘;())r

p=(t) = pi1sin(wt + ©g),

where py = /P + P2, and py = atan(P; | P,).
p2(0) = pj
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Effect of temperature on V,: analytical approach

W . Wl .
Pr (f_) — pH —+ el't — ij_ Sln(f..d”f —+ ‘;DU) -+ r—pJ_ SII1 0,

) “f
py(t) =P COS(MHt + {P(J)a

p=(t) = pisin(wt + o),
mrhere Pl = \/‘P@? —}— P,E."Q’ &Hd Yo = ata-n.(Pz/Py).

p=(0) = py

4} wp = eFd/h -Bloch frequency

w| h w| h

Vo _iP”d oo o0 LL-'L ([ _f-(‘w‘B—’\'w )f- DU'J_ d _2-_\‘90(_”_1{)
'l"r(f):f e h y: yz Je | —=pL | e T, | —=p1 ) e

o0 o0 o d o d
P s S I (L2 ,—iwp—kw)t 7 [ L7 —ipo(n—k)
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Effect of temperature on V,: analytical approach

* vo f.pjf—'d 506‘ SDO‘ wi d Jilwp —kwy)t 7 wy d ipo(n—F)
IL(IL) = 9—3 e i ) ) .JTJE: Tﬁpj_ e Jn Tﬁpj_ e

= Nn——oo k=— oo WH WH

[ ] [
_.pd w d EPTE w d PP
—e 'TH S S Jp | —=p1L | e H(ws 'l””’”jt,]ﬂ_ ——pl )e ipo(n—Fk)
< < wy h wy h
n=—oco k=—oc H ||
P d P d

U.d(])” PL s \,:‘”) — :1(})_]_ k,f(})("l — B(]-)J_- .?;*-())("_ZT

o0 i W d W d ivo(n—k) I
A NG — g | — — J L Jipo(n .
(IJL. ‘r’(]) Z Z k (Lu'| hpl_) i (w hIJL) € U — Z(LL.?B _ ’le”) _

n=—oc k=—oc

= = w d w d P 1
B(ni.on) = 5 S Jo. ﬂ_) J =y e ipo(n—=Fk)
(f 1 T,(]) P P k (LL,” hf J_) n (Lu| ﬁf J_) v+ 2(

g - s ’
Nn=—oo k=—oc “B AW”)
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Effect of temperature on V,: analytical approach

P Py d

'Hd(;l?||flu.,~5ﬂo) = Alp,p0)e' ® — B(p,po)e 7
wh/d
= _/ / / Ud j?| PL.s ru)f(f]” P,. P, )dp”{[P dP.

wh/d

Ii(A/2kBT) e o fwid wy d
‘I = y - r— X - :F'i*. ‘:Jr lr” ',' Jr
Ud :”Lu[_ﬂ,-’ri’ffﬂf ) exp m Kf w) ; Z m kg oy .']

=020

viwg — 1w )

I”J_I' + :‘-"‘-‘1.[)' p— ;}w":]_’
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analytical approach vs numerical simulation for B=0

o Il(AfoABT) w, d w, d If(Lu’B - ?2..&.5“)
vg = “]L;(_ﬁj..f’QkBT) exp [—m kgl (w ﬁ,) ] N_Z_x I, [m kT (w| ﬁ) ] N P F
If there is no magnetic filed, B=0, the formula becomes exact. It coincides

with one derived,e.g in Y.A. Romanov, Optika i Spektroskopiya 33, 917

(1972).
I (:A/I’QA'B.J‘) VWRB

It}(ﬁ/'Q/.'B'j‘) 12 +u.;%'

Uqg = Up

62107

o (@) (D)
N L maximal drift solid lines — analytics
£ £ velocity
3 2410° 3 2x10¢ symbol — numerical
P simulation
0

Uﬂ 6x10° 12x10° 0 100 200 300

F,(Vm) 7. (K)
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Effect of temperature on drift velocity of electrons

analytics numerics
6x10 [, ——— 6x10*
4 — T=4K | . . _
5x10 — 150K 1 i 1-T=0 K
— 43{104 T=100 K ] 4‘(104' l .'I' ! 2-T=50 K
"a . — I=200K i 3-T=200 K
£ 3x10 12200 K | 12 | 4-T=300 K

J VI 5- T=400 K
210

0 —
0.0 40x10° 80x10° 1.2x10" 1.6x10’ 0 4x10°  810° 12x10° 16x10°
F(vm ) F,(Vm')

B wL()

A. Selskii et al, (2011)

B=15T, 6=40°— w
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B=0T
0.020 (a) 7 — 0.020
0.016} 0.016}
gu.{)lz: Eﬂ,mz:
~0.008} ~ 0.008F—
_ 7| ! |
| g TF200K ™ - e
0.004¢ T e T {}.D{M_
1] S 0
0 0.2 0.4 0.6
¥, (V)
(1) = T MR
A1 T , ¢ /
“In(ﬁ;‘Zk,qT)

Vin(T) = Vi + R(Iin(T) = I)

A. Selskii et al, (2011)
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7 B=0T B=15T
¢ ' ] ' ] 80— TR
H4) (D) I=50K
60t | | - 60— 100K |
= . || = | =100 K
< =
= 750K =M 7200 K
20 r=1o0K_| 207t T
_ . SR | 7=300 K=\
0 ??--Efm A———e— () . . . .
03 04 05 06 0.7 03 04 05
V, (V) V, (V

A. Selskii et al, (2011)
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J00 K
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oL T=200K 7Zr300 K.

0.3 04 05 06 07
. (V)

A. Selskii et al, (2011)
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Conclusions

* A tilted magnetic field strongly affects, and can significantly
enhance, the transport characteristics of SLs — even at room
temperature.

* Increasing T quickly suppresses the B = 0 Esaki-Tsu peak
in the vd(F) curve, but has a much smaller effect when a
tited magnetic field is applied. Increasing T can enhance
the drift velocity peaks caused by the Bloch-cyclotron
resonances

* At the presence of magnetic field electrons demonstrate
much higher mobility, which amplifies DC- and AC-
components of the current through SL, and also improves
its frequency characteristics.

a.balanov@Ilboro.ac.uk
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Related systems

« Miniband electrons driven by an acoustic wave

Greenaway et al., Phys. Rev. B 81, 235313 (2010)
- Semiclassical predictions of very high NDV now supported by recent
wavepacket and charge domain studies

 Ultracold atoms in an optical lattice with a tilted harmonic trap

Scott et al., Phys. Rev. A. 66, 023407 (2002)
- Intrinsically low scattering rates
- Could using Bose-Fermi interactions to control scattering rate ?

[Ponomarev, Madroriero, Kolovsky, Buchleitner, Phys. Rev. Lett.
96, 050404 (2000)]

 Optical analogue
Wilkinson & Fromhold, Optics Letters 28, 1034 (2003)
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