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Areal density 3-4×1011cm-2

Lateral size 10 -15nm
High 1-1.5 nm

Cross-section image of TEM

10 ML Ge 300°C

STM image of Ge nanoclusters

GeGe nanoclustersnanoclusters in in SiSi
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8 ML Ge 300°C Band structure

Large density of QD’s allows to observe the hopping 
conductivity along  two-dimensional QDs layer    



Structure under investigationStructure under investigation
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Hole hoppingHole hopping
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Non-monotonic dependence of hopping conductance on 
density of state is a characteristic feature of QDs.

( )[ ]xm TTTTG /exp)( 0−= γ

TGdTw ln/ln)( = xTTxmTw )/()( 0+=
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Analysis of reduced activation energy
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Coulomb interaction

Mott law ES law

Fermi glass Coulomb (electron) glass
( )[ ]xm TTTTG /exp)( 0−=γ

m~-1 phonon-assisted VRH x=1/3 for Mott 
x=1/2 for ES

VariableVariable--range hoppingrange hopping

m→ 0 phononless hopping, G0~ e2/h
δE
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Screening of Coulomb interactionScreening of Coulomb interaction
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m→ 0 phononless hopping, G0~ e2/h 
in unscreened sample

m~-1 phonon-assisted VRH x=1/3 for Mott 
in screened sample



Wave function envelope for single QD

Wave function envelope for  QD array
Wave functions of carriers 
in the QDs array

Potential created by QDs array 

Localization radius in Localization radius in 
disordered systemdisordered system

W
IZ = determines the MIT transition

(I – overlap integral,  W – the disorder level)
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Strong localization Hopping transport

Weak localization Diffusion transport
with quantum corrections

ϕ

Intermediate regime ???????????

ξ L>>

ϕξ L~

ϕξ L<<

Localization behavioursLocalization behaviours



1. Increase of the QDs array density - to enhance the hopping integral I and the interaction without 
significant change of  W

The ways to change disorder and interactionThe ways to change disorder and interaction

QDs density ~4×1011 cm-2

Filling factor ν~1.9, 2, 2.1
Annealing 480, 550, 575, 600 и 625°C

15 nm

QDs density 8×1011 cm-2

Filling factor ν ~1.8 - 2.6

HTREM image of QDs array with density
~4·1011 см -2

STM image of QDs array with density ~ 
8×1011 см -2 (200×200 nm)
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2. Change the QDs size and composition at annealing- to enhance the overlap of carrier wave 
functions without seriously effecting the e-e interaction :

GexSi1-xS
i

SiGeS
i

Si

The ways to change disorder and interactionThe ways to change disorder and interaction

3. Control the filling factor – in opposite way to change interaction and hopping integral 

10 
nm 1 

nm B δ-doping Si



Samples without annealing Annealing of SD sample, ν=2

Localization radius for SD samples 
Localization radius for DD samples

0.05 0.10 0.15 0.20 0.25

1E-7

1E-6

1E-5

1E-4

 

 

G
[]
(O

hm
-1

)

T-1(K-1)

480

550

575

625
600

ν=2

])/(exp[~)( 0
xTTTG −

x = ½
0

22.6
kT

e
ε

ξ =

Experimental resultsExperimental results
1. Temperature dependence of conductivity        

(in the frame of hopping transport)

1.8 2.1 2.4
2

3

4

 

 

ξ 
(μ

m
)

NB/NQD

DD

0.0 0.1 0.2 0.3

10-5

10-3

10-1

101

   DD   ν
  2.1
  3
  3.8
  4.75

   SD   ν
  2
  2.5
  2.85

 

 

G
�

 (e
2 /h

)

1/T (K-1)

500 550 600

10-1

100

2.0 2.5 3.0 3.5 4.0 4.5 5.0

  SD   ν
 2
 2.5
 2.85

 

 

 ξ
, μ

m

Ta (
oC)

DD

 ν

 



1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
10-11

10-10

10-9

10-8

10-7

10-6

10-5

 

 

 480°C
 550°C
 600°C
 625°C

G
 (О

м-1
)

ln(T/T0)

1.0 1.5 2.0 2.5 3.0 3.5 4.0
10-8

10-7

10-6

10-5

 480°C
 550°C
 575°C
 600°C
 625°C

 

 

G
(О
м-1

)

ln(T/T0)

1 2 3 4
10-8

10-7

10-6

10-5

 

 

 480°C
 550°C
 575°C
 600°C
 625°C

G
(О
м-1

)

ln(T/T0)

DD samples, different ν

SD samples, ν= 2

Experimental resultsExperimental results
1. Temperature dependence of conductivity        

(in the frame of diffusive transport)

SD samples, ν= 2.5

SD samples, ν= 2.85



3. Checking of the scaling theory
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ln
ln=β Function β(lnG) is universal for each 

dimensionality d, system state is 
determined by single parameter G
(conductance)

β>0 – metal; β<0 - insulator
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d=2:The limit of low conductance

The limit of high conductance

Universality is saved for β=dlnG/dlnT (because of lnL ~
lnT)

The methods of the transport behaviour analysisThe methods of the transport behaviour analysis



G>0.4e2/h               (G>e2/h) - diffusive transport
G<10-2e2/h          (G<10-4e2/h) -hopping transport

G0=e2/h=3,876·10-5Ом-1

Hopping

transport

Diffusive regime
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3. Checking of the scaling theory



Two-parameter scaling
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SignSign--dependent dependent photoconductancephotoconductance

PC in samples without QDs

PC in samples with QDs
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InterbandInterband illumination illumination 
of sample withof sample with
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νν = 1.5= 1.5
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Illumination (1.55 Illumination (1.55 μμm)m)
of sample withof sample with νν = 1.5= 1.5

)exp( GB
dt
dG γ−=

)ln()( 00 ttCGtG −×+=

0 1 2 3 4

0.5

1.0

1.5

3.5 holes per dot

4 holes per dot

off

on

off

offoff

onon

BA

 

 

C
on

du
ct

an
ce

 (r
el

.u
ni

ts
)

Time (hours)



INSTITUTE OF SEMICONDUCTOR PHYSICS, SIBERIAN BRANCH
OF THE RUSSIAN ACADEMY OF SCIENCE 

-20 -10 0 10 20

10-7

10-6

10-5

 

C
ur

re
nt

 (A
)

U,V

1

2

F0

F1

0 20000 40000

0.2

0.3

3

4

5

6

3.0

4.2

4.4

4.6

C
on

du
ct

iv
ity

 (*
1e

-8
) (

S
)

 

C
on

du
ct

iv
ity

 (∗
1e

-7
) (

S
)

Time (seconds)

t1

2

 
1

t0

Conductance relaxation under high field excitationConductance relaxation under high field excitation

- Interactions may further enhance 

the glassiness of the system

[M.Pollak et al. Phys. Rev. B 59, 5328 
(1999) ] 

- Glassy behavior can be obtained even in 
system without interaction due to the 
exponential dependence of the transition rates 
w on hopping length:

w=w0 exp(-x) ;//2 kTrx εξ +=

)ln()( min twtG ∝Δ



Relaxation lawRelaxation law
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Distribution functionDistribution function
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∫≈ − dwewNtF wt)()(
1.Statistical distribution of the relaxation rates w, parallel relaxation channels

N(w) –distribution function of the transition rates
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Inverse Laplace transformation of the relaxation law

the interaction removes some 
of the transition events over 
almost all experimental time 
range 



Mesoscopic structures with QDs

Channel size ~70-500 nm

G=ΣGi

R=ΣRi

We present the experimental results of photo-induced conductance fluctuations in 
nanometer size QDs structures with different width and length of conductance 
channels under small flux of infrared illumination.



Photoconductance fluctuations 
in mesoscopic structures
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Photoconductance kinetics for meso- (b) 
and macroscopic (a) samples. 

Redistribution of the carriers 
between different QDs inder illumination

new potential landscape                 new 
conductive path providing change 
of the conductance with time.



Effect of different structure size and geometry 
on photoconductance kinetics
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The method of experimental fluctuation treatment
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ΔG=(G2-G1)/G1 – discrimination level

G1

G2

Number of counts with  different fluctuation 
amplitude in dark and under illumination



Dependence of counts on light intensity
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Linear dependence of counts on light intensity –
as expected for a single-photon process
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1.The  electron transport in QD array is described by VRH with Coulomb gap.
2. Screening of interaction leads to a the transition to Mott transport; “m” changed from m~0 to m=-1.
3. Conductance and localization radius are strongly and non-monotonously depend on hole number.
4. The crossover from strong to weak localization in the massive of QDs has been observed at the 

variation of the filling factor of dots with holes and QDs array density, and also after samples 
annealing allows to change the QDs sizes and composition. 

5. It was shown that the system state describes by the single-parametric scaling hypothesis for the 
samples with small variation of interaction. From the asymptotics of the universal function,  the 
bounds separating the diffusive (           ) and hopping (            ) regimes were established. 

6. PC with sigh depending on initial hole filling factor was observed. Kinetics of the PC has 
anomalous slow behavior.

7. The relaxation under high field excitation is slowed  down in the presence of Coulomb interaction.
8. Mesoscopic behavior in conductance was observed under light illumination of samples with 

channel size 70-500 nm.
9.The amplitude and number of conductance fluctuations depend on size and geometry of the 

conductive channel.
10.The number of counts is linearly changes with light intensity as it expected for single-photon 

process

Conclusion
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