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OPTICAL PROPERTIES AND TUNNELLING
SPECTROSCOPY OF SELF-ASSEMBLED InAs
QUANTUM DOTS

L. Eaves
Department of Physics, University of Nottingham, UK

Collaborators:

Nottingham: T. [Im S. T. Stoddart, I. E. Itskevich,
Maornton, M. Hemnime, H. A. Carmona,
P C. Main

Grenoble: D. K. Maude, J. C. Portal

Overview of optical and structural properties of
quantum dots and their energy levels

Reducing the PL lincwudéh

Resonant tunnelling through individual dot states
Using quantum dots to probe many-electron
effects in a 2D electron gas at fractional Landau
fillimg factors



Zur Theoris dor orieaticrlen Ausschoidung wse. 19'{'

Zur Theocie der orientierten Ausschesdung
von lonenkristallen aufemander

Yeu

L N. Stranskt und L. Krasranow
Ama dem Phys-chem. Institat der Uoivervitiit Sofis

Mit 8 Figurem ia Taxt

{Elugegeagen am (4. 1. 1953, Vervalegea (e der Glisnag am 8. {10009

1. Einleitung und Problemstellung.

Die Vorginge bei der orienticrtea Avescheidung vem Ionen-
keistallen aufeivander wurden vor cimigem Jebres vem dom einen
von uns einer gemaueren theorctischem Untersnchung watersegen '.
Fa ergab sich dabei, da man civer jodom cingeinen Netssbene
des iiber fremder Unterlage wachsenden Kristalls cinen geseunderten
Sublimationsdruck (bzw. Loslichkeit) zuschreiben muB. Mit Hilfe
dieser Sublimationsdrucke (bzw. Loslichkeiten) licBen sich dann
die Bildungsmdglichkeiten der cinzelnen Netzebemen gemauer an-
geben und daraus auch eine Reibe weiterer einfacher und iiber-
sichtlicher Schliisse ziehen®. .

Das wichtigste Ergebnis daves soll hier an Haod des
folgenden einfachen Beispiels, das uns auch weiter unten dienen
wird, erliutert werden. Es_seien die Ionenkristalle Kt An’ und _.-
Kt~ An” gegeben, die bLeide das NaCl-Gitter und die gleichen
Gittorkonstanten haben sollen. Die Ladungen der lonen sollen
aber in beiden Fillen verschicden sein (beim Kt An’ einfach und
beim Kt~ Aa” doppelt), d. h. die Kristalle sind i GRrixuschen
Sinue isomorph.

Scheidet sich nup Kt An’ iiber einem Kt~ Au”-Kristall
aus, wad zwear iber der Wiirfelfliche, die in diesem Falle die
einzige Gleichgewichtsformfliche ist, so wird die erste Netzebene
cinen bedeutend kicineren Dnmpfdruck p, als den Dampfdruck p.

L[, N. Sewamssc, Z. physik. Chem. A 142 (1929) €53; BoorwsTrin-Feetbd.
(1934) 230.

' Mier sei imsbesondere au( den Bericht von H. Serecer dber e snoaralen
Mischkristafte® rerwiesen, erschicnen in Fortachr. d. Mia,, Krist. u. Petrogr. (9
(1935) 103182 (L. Teil); 20 (1936} I —455 (11, Teilj; 22 (1937) 185—488
(L0 Teil). In dtesem Bericht sind die vielfachen Ecfahrungen aus dem Gebriete
der Mischkeistallbildung und Kristallzafwachsung in nasgezeichneter Weise
rosanmengestellt uad auch durch eigene Ontersuchunzen erginzt.
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Stranski-Krastanov (Self-Organised)
MBE Growth of InAs Quantum Dots
on (100) GaAs

No islands at ~1 monolayer InAs

M InAs
Lattice
(100) GaAs mismatch

AN NN N NN\ ~ 1%

Islands form at ~ 1.7 InAs monolayers

10nm Quantum dot
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Dot growth and PL
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Figure 1(a) STM image of surface ot 2.4

I3

monolayers of InAs on GaAs (square size 1000 A X

1000 A). STM : P Hor;a"a
P H.Beton

kigure 1(c} SEM image of surface of 24
monofayers of [nAs on GaAs  (square  swe
S 3500 A - 4500 A). This shows mergig ot
the islands o form larger clusters

SEM: A. No‘,qu.b

Figure 1(b) STM image of surtace of 2.4
monolayers of InAs on GaAs (square size
2000 A x 2000 A), showing uniformity of
island coverage.

Figure 1(d) SEM image of surface of 1.7
monolayers of [nAs on GaAs (square size
—4500 A x 4500 Ay This is close w0 the

critical thickness o obtain a uniform coverage ot

dots and narrow size distribution.
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Samples

In, .Ga  As/GaAs heterostructures grown on
(100), (311)B, (311)A substrates

GaAs 25 nm 450 °C

InGaAs L  Frzmzrorrmrrrrrrrzzzz
450 oC I GaAs 05 Hm 600 C
GaAs 0.2 um 580 °C
substrate

L=11.3A RHEED2D-3D QD
L=6.8 A RHEED 2D WL
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Normalised PL intensity

PL Spectra

T=5K
HeNe Laser excitation

T T T T T T

InGaAs InGaAs

—

InAs QDs QDs WL

1.2 | 1.3
Energy (eV)
—— InAs QDs on GaAs (100)

In, Ga ,As QDs on GaAs (311)B
In, Ga ,As QDs on GaAs 31DA
In Ga  As WL on GaAs (B1DHA




FWHM (meV)

Nottingham samples

60 T i | ] 1

A (311)B |
50 e (3I1)A
A A * A 4 (100) |
40 . - ‘ InO.SGaO.SAS_

A, T=5K
30 .

A
1 [ ]
20_ L . - ] ]
"a

. Y WL

10 - 11.3i&le -
1.25 1.30 1.35 1.40 1.45
hv (eV)

Good reproducibility and small linewidth

<hv>_ . =1346¢eV <FWHM> = =13.6 meV

(311A) (311A)
<hv>, =1312eV <FWHM>, . =18.5 meV
<hv>(m) =1.281 eV <FWHM>“00)=4O meV

60% of strain release for (311)B

40% " GIDA
is to be supposed for explaining a WL red-shift

NO PL efficiency decrease has been observed

0~
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Different groups and growth tecniques

Cnetetnl'g MBE
S.Pauio MBE
Fujitsu ALE

Tokyo [IS MOCVD
Wurzburg MOCVD
Canberra MOCVD
Parma MBE
St.Petersbu OMC
UCSB MBE

UCSB (311) MBE
Nottingham MBE
Nottingham (311) MBE

LT PL ©
In, Ga, As

MOROQOCOALQL POO

09 1.0 1.1 1.2 1.3 1.4 1.5

The spectra do not show the WL emission
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——PL_F12 4194 T
——PL_F11 3638 T
——PL_F10 30.36 T

——PL_F9
~——PL_F8
——PL_F7
~——PL_F6
——PL_F5
——PL_F4
——PL_F3
——PL_F2

---------- PL_F1 background

2586 T
2049 T
156771
10397
07.56 T
05477
03.39T
00.00T

I (Arb. Units)

2800
2600 —
2400 ;
2200 ;
2000 |-
1800
1600
1400 |
1200
1000 |

800

Nu1550
B along the growth axis

(311)
(;1:91 C;ct),/qsi (521)5:
on (3”)

1.34
Energy (eV)

12~



AE (meV)

B parallel to growth direction

__/\_
30 I T ¥ T T T
- v In,,Ga, As quantum well
25F & In,Ga AsWLon (311)A T
® In, Ga, As QDs on (311)A
20+ ® InAs QDs on (100)
15}
10
5© , .
o A _
0 10 20 30 40 50
B (T) S 4
A e "¢
« Low field: | 2( 2) = 005
: : : € \X
Diamagnetic shift ~ AE=7—"— B’
L
« High field :
1 1 he
Landau level =~ho =-—28
2 2 u



B parallel to growth direction
RPN a-: d=12 J{xz>

A | | |
& ‘ |
{
N
s ————
d (nm) D (nm)
InAs QDs on 6 10-12
(100)
InoAsGao_sAS QDS 13 5-8
on (311)A
on (311)A

D), ==

ITnAs @D on (too) L'o.cho-s As @D
on (3u)A /B

—fl+—'



AE (meV)

B perpendicular to growth direction

>
T~
15 T - T - . . . . . .
% In, Ga, As WL on (311DA A
® In Ga,AsQDson (311A
® InAs QDs on (100) &
10 .
5 8 . . ] 7
&
4
F - ‘
. A
of = gy ¢
0 10 20 30 40 50

B(T)

« Diamagnetic shift strongly anisotropic.
« AE<0for B<10T.

e No difference between InAs and
In, ;Ga, sAs dots.




EL on p-1-n diodes
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- More than 40 diodes measured

- Luminescence as a function of land T

In collaboration with G. Hill
University of Sheffield



Luminescence Intensity (arb. un.)

EL and PL
at room tempereture

In, Ga As QD

T=300 K
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f \
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Energy (eV)

Light sources at RT
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PROCESSING OF RIB WAVEGUIDE LASERS

Evaporate front p-type contact
stripes and anneal

Reactive ion etch waveguide ribs
using contacts as mask

Deposit siticon nitride and pattern
windows on rib contacts

Evaporate bond pads over ribs

Thin sampie to 100um

Evaporate rear n-contact and

anneal
EPSRC III-V Central Facility

~1%-
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In, LUa, AS QD LASER on (10V)
10 layers

EL Intensity (arb. un.)

105 LI0 115 120 125 130 135
Energy (eV)

EL Intensity

» JJL“ R
1.230 1.235 1.240 1.245 1.250
Energy (eV)
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EL Intensity

EL Intensity

InGaAs QD _AdCDA

single layer on (311)B
0.'0 ' T T T . ‘ﬂ T T |
InGaAs (311)B |
. F] N=1

0.08 | . e .
. ! g | ——23mA |
ot |3 \ -2 |

0.(5 [~ ..o ] ‘ - . 19
s - ) : —— I

. o
0-04_0.2,0 ,,,,,,,, .1“ 15 |
0.02} ]
T=5K ]
1.20 1.25 1.30 1.35 140 1.45
Energy (eV)
=34 mA
res.
" T=5K
ridge=5 pm

4

1.345 1.350 1.355 1.360
Energy (eV)
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Conclusions

Bright and narrow PL from

Iny sGa, ;As QDs on (311)A/B
substrates.

Exciton strongly confined in InAs
QDs.

Iny sGa, ;As QD exciton spreads into
wetting layer.

In, sGa, ;As QDs promising for laser
applications.
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- a turnel barrier for conduction electrons

GaAs | (AlGa)As \

b

- —-

Band Gap

Conduction
V Band
Ec
[-SeV

L e

j//////%/////////

Transmission Coefficient T = exp(- 2Kb)

K = [2m*(V - E)]/

m* = 0.1 me

N T 10 Bl
typcca”j

V=AE;=03eVforx =04

b = 1-10 nmtypically
3
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(Aita)As = Al,, Ga,,As

Ba,l-rler .CUP‘\A VJe’“‘

Thicknesses 9 nm | T E
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The Single-Barrier
Tunnelling Resonant Device
Incorporating InAs Quantum Dots

100pm

-

n-GaAs 1.8 monolayers

InAs

100nm GaAs—g v
10nm AlAs— aEECAN
100nm GaA::*.—/l on (100) AlAs
n-GaAs ~10" dots

Ttskevich etal %"@‘JB
Narchero e€al A.PL.

-— ;‘_‘1’1.,_



Conduction band profile

GaAs AlAs

GaAs

dV
A%

electrostatic lever factor. [ =

3%




Single electron tunnelling

: .t'."ough an [=nev 2 :
individual InAs dot T+T |
Single electron tunnelling current:  _,_, °
I =evexp(—2kd) T-=- e :
take 800meV barrier, d=50A .
v~E  [h~2.5THz )
= I

Current

Vo 3

S5pA .

04K I~ |
0 100 200 300
Voltage (mV)

_gq,



Current (pA)

Temperature Dependence at 0T
6 +—7T————

1T= 006K | — 06K.
> — 5K _
15K

4 - — 1K _ A
3 | -
291= 1k /\ )
| \\ _;_ \-
0+ :

110 115 120 125 130 135
Voltage (mV)

~ 30—
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