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Semiconductors

Kittel, Solid State Physics (Chapters 7 and 8). Table 1 Energy gap between the valence and conduction bands i
(i = indirect gap; d = direct gap) !
___Egjijm_ E, eV
10% Crystal Gap 0K 300K Crystal Gap 0K 300 K
Diamond i 5.4 SiC(hex) i 3.0 —
= 10* :
Si i 1.17 1.11 Te d 0.33 —
Ge i 0.744  0.66 HgTe* d -0.30
110 aSn d 0.00 0.00 PbS d 0.286 0.34-0.37
InSb d 0.23 0.17 PbSe i 0.165 0.27
InAs d 0.43 0.36 PbTe i 0.190 0.29
— 1019 InP d 1.42 1.27 Cds d 2.582 2.42
GaP i 2.32 2.25 CdSe d 1.840 1.74
GaAs d 1.52 1.43 CdTe d 1.607 1.44
10" Gasb d 081  0.68 SnTe d 0.3 0.18
AlSb i 1.65 1.6 Cu,O d 2.172 —

Conduction electron concentration, cm™

S i i
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Semiconductor Crystal

e Intrinsic semiconductor

Energy band (at 0 K)

Empty CB. |
E, | Forbiddenband Conduction band edge
0 A ve. Valence band edge
Filled

* As the temperature increases, electrons
are thermally excited from the valence
band to the conduction band.

* Both the electrons in the conduction
band and holes in valence band
contribute to the electrical conductivity.

il T e Kittel, Solid State Physics (Chapter 8).

Figure 3 Intrinsic electron concentration as a function of temperature for (a) germanium and
(b) silicon. Under intrinsic conditions the hole concentration is equal to the electron concentration.
The intrinsic concentration at a given temperature is higher in Ge than in Si because the energy gap
is narrower in Ge (0.66 eV) than in Si (1.11 eV). (After W. C. Dunlap.)
]
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Energy Band of Semiconductors

Conduction

band

Fermi level _ J

&1
/Y

Figure 18 Energy scale for statistical calcula-
Val tions. The Fermi distribution function is shown
/alence g
band on the same scale, for a temperature k;T < E,.
The Fermi level w is taken to lie well within the
band gap, as for an intrinsic semiconductor. If

€ = w, then f=3.

Kittel, Solid State Physics (Chapter 8).
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Direct Bandgap vs. Indirect Bandgap

Kittel, Solid State Physics (Chapter 8).

Conduction Conduction
band edge band edge
Valence band edge Valence band edge

k ‘ —k
0 —*, 0 k,
(a) (b)
CRYSTAL WITH DIRECT GAP CRYSTAL WITH INDIRECT GAP
Absorption Absorption

Transparent
region

Onset of indirect

Onset of direct photon transition

photon .
transition " _ Onset of direct
- ~ 1/  ftronsiion
1
hw, E, +fi) E .,
Photon energy fiw —- Photon energy fiw —>
(a) (b)

k(photon) = k. + K= 0 ; hiw = E, + )
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Direct Bandgap

» Measurement of band gap: Optical absorption

ha)g < } =5 The threshold of continuous optical absorption at
AN, Eg frequency w, determines the bandgap E, = 7w,

©

» Crystal with Direct Gap

A

Absorption

eV
Eg = hoog

—> In the direct absorption process, a photon is absorbed by the crystal
with the creation of an electron and a hole.

http://hynsr.korea.ac.kr/lecture/solid_state physics/
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Indirect Bandgap

» Crystal with Indirect Gap

.. hw (photon) = E +7
7

Phonon energy involved.

process
photon process
In general
» Optical absorption Eq>>nQ (~0.01eV-0.03eV)
Absorption

Onset of direct transition

/ (no phonon involved)
/I Evert eV

E, +7Q (Onset of indirect phonon transition)

http://hynsr.korea.ac.kr/lecture/solid_state physics/
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Direct Bandgap and Indirect Bandgap

Kittel, Solid State Physics (Chapter 8).

L3 [ 3

Conduction

bend edas Conduction

band edge

Valence band edge Valence band edge

0 ; o >
im) ib)

Figure 5 In (i) the lowest point of the conduction band oceurs at the same
value of k as the highest point of the valence bhand. A direct optical transition
is drawn vertically with no significant change of k, because the absorbed
photon has a very small wavevector. The threshold frequency w, tor absorp
fion !-_1. the 1|:r1 1 transition determines t|1r energy '_:.q- ¥ . ﬂ--.._ I’fil :Iu1|-
rect transition in (b) involves hoth a photon and a phonon because the band

edges of the conduction and valence bands are w idely separated in k space

The threshold energy for the indirect process in (b) is greater than the true
bhand gap The .l!*\ul]?!lllfl threshold for the indirect transition between the
band edges is at Aw = E, + Af)l, where (] is the frequency ol an emitted
phonon of wavevector K k.. At higher temperatures phonons are alreads
present; if a phonon is absorbed along with a photon, the thre shold energy is
ho = E, — hf), Note; The figure shows only the threshold transitions. Transi
tions occur generally between almost all points of the two bands for which
the wavevectors and energy can be conserved,
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Bandgap Energy for Semiconductors

7.0
E .A!NO
6.0+ Biaaond Italics = Indirect bandgap
R ® BNO
50 - @AINT @
2 oMos
= L=
on Al L
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20 3.0 4.0 5.0 6.0 7.0
Lattice Constant (A)

MRS Bulletin (1999)
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n-Type and p-Type Doping

. Kittel, Solid State Physics (Chapter 8).

2 E,

Donor bound level

Figure 19 Charges associated with an arsenic impurity atom in silicon. Arsenic has five valence
electrons, but silicon has only four valence electrons. Thus four electrons on the arsenic form tetra-
hedral covalent bonds similar to silicon, and the fifth electron is available for conduction. The
arsenic atom is called a donor because when ionized it donates an electron to the conduction band.

Otz

Acceptor bound level

S \ N E—

Positive hole as one electron was
removed from a bond to complete the
tetrahedral bonds of the boron atom

p-type silicon

Figure 20 Boron has only three valence electrons; it can complete its tetrahedral bonds only by
taking an electron from a Si-Si bond, leaving behind a hole in the silicon valence band. The positive
hole is then available for conduction. The boron atom is called an acceptor because when ionized
it accepts an electron from the valence band. At 0 K the hole is bound.
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D 0] p IN g http://hynsr.korea.ac.kr/lecture/solid_state_physics/
B

Donor state (n-type semiconductor) Acceptor state (p-type semiconductor)

—> By donor, an excess electron exists near to | - By acceptor, a positive hole exists near to
the conduction band. the valence band.

: Ea
E A SI
cB | \ / \ acceptor ‘ cB |

S Si
N / onor ‘
\Si/ donor | donor level /
/ s’ \Si %& Si

________ acceptor level

0] tive hole 0
electron V.B | positiv V.B |
Donors (Electrons increased) Acceptors (Holes increased)
P B 7
As Column V elements Ga
— Column III elements
Sb In
Al
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Intrinsic Carrier Concentration Kittel, Solid State Physics (Chapter 8).

 Carrier Concentration
= [D(e) f (e)de p=[Dy &) f(e)e  fh=1-F

v N T m.k.T g
DOS Fermi-Dirac distribution pzz(zh_Bj exp|(E, ~E.)/kqT]

2
m.kgT
_2( 27zh2 j €X p[(EF_EC)/kBT]

keT )’ :
np = 4( 2;7:2) (m,m,)? exp(— E, /kBT)

-> ‘n-p’ constant and independent of impurity concentration at a given temperature.

kg T -
n =p, _2( j (m,m,)* exp( E, /2kBT)
27th?

1 3 m, Om. = m; _ The Fermi level ison
B =2 Byt keT 'n(m_J 1@ T- — BT RE the middle of E;

* Intrinsic conductivity & carrier concentration (n) controlled by 9
kEg Is large — the concentration of intrinsic carrier — low
the conductivity — low

Semiconductor Hongsik http://bp.snu.ac.kr 12



Intrinsic Carrier Concentration Kittel, Solid State Physics (Chapter 8).

1
expl(€ — w)/kgT] + 1

Fermi-Dirac distribution

If e — u>k,T Je=exp[(u—e)/kyT]

€A AE

Conduction
band

Fermi le\fel

Density of State for Electron

Figure 18, Energy scale for statistical calcula-
tions. The Fermi distribution function is shown
on the same scale, for a temperature k;T < E,.
The Fermi level w is taken to lie well within the
band gap, as for an intrinsic semiconductor. If
€ = u, then f=3.

Valence
band
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Intrinsic Carrier Concentration

o Im, \372
n = L,. D, (€)f (€)de = 27172 ( ;3) exp(wkgT) X

jw (e — E,)"” exp(—e/kgT)de ,

E,

Ek T 3/2
Thus H$ZC;ég)emﬂu—Eﬂ@ﬂ

fa=1—f. If (u—e) >kgT

fh=1- L = !
exp[(e — wV/kgT] +1  expl(m — €)/kgT] + 1

= exp|(e — w)/kgT] ,

3/2
Dh(E) — 2;’2( Z;h ) (Eu — 5)”2 Kittel, Solid State Physics (Chapter 8).

Semiconductor Dae-Ryong
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Intrinsic Carrier Concentration

E, kT \32
Thus p = f __Dyle)fule)de = 2(”;;_;2 ) expl(E.— u)/kgT]

np = 4( kﬂ; ) (mmy,)** exp(—E/kgT)

ki T |32 »
n,=p; =2 ok (mgmy,)” exp(— ngszT)

exp(2u/kyT) = (my/m,)** exp(EkyT)
o= %Eg + 2 kgT In (my/m,) .

Kittel, Solid State Physics (Chapter 8).
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Properties of an Equilibrium p-n Junction

(a) Isolated, neutral regions of p-type and n-
=t type material and energy bands for the
isolated regions

For the same bandgap energy
between p-type and n-type.
P-typ P (b) Junction, showing space charge in the
E, T Eep _ transition region W, the resulting electric
s \QD ' field € and contact potential V, and the
separation of the energy band.

|" o — — — — " JII —_— e —— - - - !!.-Ihl
' By E, P Era
I

Energy bands
(a) (b)

o 1 (c) Directions of the four components of
e T particle flow within the transition region,
+ | Holediffusion | — o and the resulting current directions.

-4 [ Hole drilt -

e M Solid State Electronic Devices (6" edition, Chapter 5)
B. G. Streetman and S. K. Banerjee

Electron diffusion

- Electron drift - — — —

=1 |

(c)
]
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Depletion Layer

Figure 29.3

(a) Carrier densities, (b) charge den- Carrier density
sity, and (c) potential ¢(x) plotted p—-type n - type o
VS. position across an abrupt p-n + + i
junction. In the analysis in the text N, e R R

3 . - ov
the approximation was made that Pyp(x) = = ¥ ¥
the carrier densities and charge den- - = = & ¢
sity are constants except for discon- -——Depletion layer ——
tinuous changes at x = —d, and ~d, d,

x = d,. More precisely (see Problem (a)
[), these quantities undergo rapid

change over regions just within the
depletion layer whose extent is a
fraction of order (kyT/E,)"* of the

total extent of the depletion layer.

The extent of the depletion layer is
typically from 10 to 10* A.

Charge density
o (X)

{b)

Potential

%(0) = $(0) + 2T€ N, 2

| b @ (X)

- dp dn

| 6(-) = $(0) - 2TE N, 42
(c) .
Ashcroft, Solid State Physics

I
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Carrier Density at a p-n Junction

Figure 29.4

The charge density p and potential ¢ in the depletion t p{“')l V=0
Iulycr [uli.l'nr [hq.: unhiuscq junction, (hl.!'ur lhcj:um:liun ; : +++ I (unbiased) Equ | I | b rl um
with ¥ > 0 (forward bias), and (c¢) for the junction i + || X
with V' < 0 (reverse bias). The positions x = d, and :l A {
x=—d, lhull mark lllc' boundaries nl_ the (}cplcllon : xb(x)'} “
layer when V' = 0 are given by the dashed lines. The | |
depletion layer and change in ¢ are reduced by a I I ¥
forward bias and increased by a reverse bias. | i
| [
{
@ | |
l ()| V>0
: Wl' (forward bias)
+
el G
N, ' .
|
LR Forward bias
| | + <
=l I I
B L T
: '
| x
‘ |
(b) | i
| |
| p(x)! V<0
: + + (reverse bias)
| y
|
! el }
|
[ .
o0y /] Reverse bias
| |
| |
i i
| |
| |
r
| | . .
© Ashcroft, Solid State Physics
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A Typical Silicon p-n Junction

r]eakage current
] ] | L * 31 | ] |

I [millizmps)

4
z -
2
1

Typical 8t Si diode0l M = ideal &t I-V characteristic

ol &2

OICt

applied forward voltage = 25 1V 2t &4,
breakdown voltage= impurity concentration 1t Ct &

-5 -4 -z

reverse
breakdown

-2 -1 ul

(a) (b) (c) (d)

e SRR
N e W
. iR mEER
= M B NER
S ‘H.HH.
B ...=‘l-
AP EV/E
0 0.4 0.8 1.2 1.6 2.0

V (V)

Semiconductor Yumin

v ParameterOff ek 1V 20 22 st FH =&
voltage JHAl B = QUL

Figure 5-33

|-V characteristics
of heavily doped
p-n junction
diodes at 77 K,
illustrating the ef-
fects of contact
potential on the
forward current:
(a) Ge, E,= 0.7 &V,
(b} Si, E,= 1.1V,
() Gaks, £, =
1.4eV; [d) GaAsP,
E,=19¢6V.

77 KOl Al Ge, Si, GaAs, GaAsP diode 2|
I-V curve.

heavy doping &l O p-type Z 1t n-type &2
Fermi levelO| 22+ valence band 2t conduction
ol HS 2EMCHD JtESIIE M, 2 =&
©| band gap energy il JtJt& voltageJt Jtol Xl
& current)t =& ol SItstll.

Solid State Electronic Devices (6! edition, Chapter 5)
Ben G. Streetman, Sanjay Kumar Banerjee

http://bp.snu.ac.kr 19



Type-1 and Type-11 Band-Edge Alignment

- interface
( El) interface (b) Semiconductor heterostructures are typically

classified as type-I or type-Il, depending on the relative
CB1
CB1

alignment of conduction- and valence-band edges of the
E,,
VB1+

materials that are combined at the heterointerface. In the type-I

structures, both the conduction and the valence band edges of

one semiconductor (semiconductor 1 in Figure la) are located

within the energy gap of the other semiconductor (semiconductor

2 in Figure la). In this case, an electron—hole (e—h) pair excited

near the interface tends to localize in semiconductor 1, which

— VB2 sem? sem2 provides the lowest energy states for both electrons and holes.

In the type-1I case (Figure 1b), the lowest energy states for
sem1 sem2 electrons and holes are in different semiconductors; therefore,

ﬁ(ﬂpL=ng henp = Eg., 5 < ng, Egg the energy gradient existing at the interfaces tends to spatially
separate electrons and holes on different sides of the hetero-
type-| type-II junction. The corresponding “spatially _indirect’” energy gap

(Eg12) is determined by the energy separation between the

Figure 1. Type-l1 (a) and type-II (b) band-edge alignments at the
g ype (@) P () 8 2 conduction-band edge of one semiconductor and the valence-

heterointerface between two semiconductors. In the tvpe-1 structure, both

an electron and a hole tend to localize within the material with a narrower band edge of the other semiconductor. For the case shown in
energy gap, which is semiconductor 1 (sem/) in the present case. As a Figure 1b, Eg12 can be related to conduction (U:) and valence
resrulF~ th? emission energy, fAwpr, is determin‘ed by Egi. The energy gradient (Uy) band energy offsets at the interface by Eg12 = Egl - U, =
existing in the tvpe-II structure tends to spatially separate the electron and Eg — U, where Eg and Eg are the band gaps of semiconduc-

the hole on different sides of the heterointerface. In this case, the emission
energy is determined by the energy difference between the conduction band
edge of sem/ and the valence band edge of semiconductor 2 (sem?Z), and
hence, it is lower than the band gap of either semiconductor.

tors 1 and 2, respectively.

V. I. Klimov, Los Alamos National Laboratory
J. Am. Chem. Soc. (2007)
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Schottky Barriers

Solid State Electronic Devices (6™ edition, Chapter 5)
Ben G. Streetman, Sanjay Kumar Banerjee

Metal Semiconductor

—
|
|
|
|

[
+ 4+

n

Metal Semicontuctor

(a)

A Schottky barrier formed by contacting on n-type semiconductor with a
metal having a larger work function:

(a) Band diagrams for the metal and the semiconductor before joining.

(b) Equilibrium band diagram for the junction.

Semiconductor Yumin http://bp.snu.ac.kr 21



Schottky Barriers

Metal Semiconductor

T
|

P

fra i

Metal | Semiconductor

e w — Solid State Electronic Devices (6™ edition, Chapter 5)
@ () Ben G. Streetman, Sanjay Kumar Banerjee

A Schottky barrier between a p-type semiconductor and a metal having a
smaller work function:

(a) Band diagrams before joining.

(b) Band diagram for the junction at equilibrium.

Semiconductor Yumin http://bp.snu.ac.kr 22



A Feature of Schottky Barriers

++4 1=
|

Solid State Electronic Devices (6™ edition, Chapter 5)
Ben G. Streetman, Sanjay Kumar Banerjee

The absence of minority carrier injection.

Since the forward current in each case Is due to the injection of majority
carriers from the semiconductor into the metal.

—> Switching speed of Schottky barriers is generally better than p-n junction.

Semiconductor Yumin http://bp.snu.ac.kr 23



Ohmic Contact

Metal Semiconductor

+4+
i
=

(a) (b)

Solid State Electronic Devices (6™ edition, Chapter 5)
Ben G. Streetman, Sanjay Kumar Banerjee
Ohmic metal-semiconductor contacts:

(a) @, < q@ for an n-type semiconductor.

(b) The equilibrium band diagram for the junction.

Semiconductor Yumin http://bp.snu.ac.kr 24



Ohmic Contact

Metal Semiconducios

il Y & REF e
[ 1 e el
=t = A B i

Solid State Electronic Devices (6 edition, Chapter 5)
(c) d Ben G. Streetman, Sanjay Kumar Banerjee

Ohmic metal-semiconductor contacts:
(a) @, > @, for an p-type semiconductor.

(b) The equilibrium band diagram for the junction.
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A Feature of Ohmic Contacts

Solid State Electronic Devices (6" edition, Chapter 5)
Ben G. Streetman, Sanjay Kumar Banerjee

Metal Semiconductor

e
|
=
I
R 17
&
o

Linear I-V characteristics.

No depletion region.

Aligning the Fermi levels at equilibrium calls for accumulation of
majority carriers in the semiconductor.

Semiconductor Yumin http://bp.snu.ac.kr 26



|-V Characteristics of Ohmic and Schottky Barriers

|
—
[Bh]

|
—
Ll

Current density (kascme)

Current-voltage characteristics of Ohmic and Schottky barrier metal-semiconductor
contacts to GaAs.

Schottky contact to GaAs is doped at 10°cm-3, and the Ohmic contact resistance is
104 Qcm?2.

http://www.mtmi.vu.lt/legacy/pfk/funkc_dariniai/diod/schottky.htm
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Barrier Height

Vacuum Level

F 30, '
\ "*b B {¢+II- ?'#5}
{ Fon

"

Schottky junction (n-type semiconductor)

Barrier

Metal to semiconductor = @y, - x5
Semiconductor to metal = @, - @
- 2010-09-29

Semiconductor Yejun

H. Bube, Electrons in Solids (Chapter 10)

Vacuum Level i
ﬂ-;#.!

75

Ohmic junction (n-type semiconductor)

Negligible Barrier
depletion layer is
thin (1-3 atomic layer) at metal

]
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Electron-Hole Recombination of a p-n Junction

Kittel, Solid State Physics (Chapter 17).

X¢ .
il i Ec ~
Electron Energy \ ® @ 2t

Poéa] energy

<

O

O

O

@)

/
@)
a5

Distance
(b)
Figure 18 Electron-hole recombination into photons, across a p-n junction.
e
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Double Heterostructure Injection Laser

Kittel, Solid State Physics (Chapter 17).

. Electron flow

Hole flow

Figure 17 Double heterostructure injection laser. Electrons flow from the right into the optically-
active layer, where they form a degenerate electron gas. The potential barrier provided by the
wide energy gap on the p side prevents the electrons from escaping to the left. Holes flow from
the left into the active layer, but cannot escape to the right.

Semiconductor Bp http://bp.snu.ac.kr 30



Radiative and Nonradiative Recombination

(a) (b) S
Fias aleitisi Vibrating atoms (phonons)

Hole

Fig. 2.5. (a) Radiative recombination of an electron-hole pair accompanied by the
emission of a photon with energy Av = Eg. (b) In non-radiative recombination events, the
energy released during the electron-hole recombination is converted to phonons (adopted
from Shockley, 1950).

org

_ krad
( krad_l_k

nonrad
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Effective Mass

(—% " E‘%% - (j; %) We know that dk/dt = F/h
dv,
Thus ;” = (?L-l; g; ) F. or
Effective mass m* | /
1 _1d% A ﬁ Vq o
me B2 dk®

Typical variation of group velocity v,
and effective mass m* as a function of k.

H. Bube, Electrons in Solids (Chapter 10)
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Hole = Missing Electron

Kittel, Solid State Physics (Chapter 8)

Conduction band

Sfaw

k

¢

Electron removed k —

Valence band

Figure 7 Absorption of a photon of energy fiw and negligible wavevector takes an electron from
E in the filled valence band to Q in the conduction band. If k, was the wavevector of the electron
at E, it becomes the wavevector of the electron at Q. The total wavevector of the valence band
after the absorption is —k,, and this is the wavevector we must ascribe to the hole if we describe
the valence band as occupied by one hole. Thus k, = —k,; the wavevector of the hole is the same
as the wavevector of the electron which remains at G. For the entire system the total wavevector
after the absorption of the photon is k, + k;, = 0, so that the total wavevector is unchanged by the
absorption of the photon and the creation of a free electron and free hole.

Semiconductor Dae-Ryong http://bp.snu.ac.kr 33



Hall Measurement

Lorentz force induces charge
accumulation at the x — z plane:

— E, field generation

Majority carrier and carrier density
can be calculated by Hall measurement.

http://en.wikipedia.org
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Hall Mobility
e,

++++++++++ P4

------------ A

Ix

<Hall effect of p-type semiconductor>

Dl — ity
}‘-‘{' JE—
7 pu,+nu,
<by theoretical calculation>
6 = ne’r/m = ney,

Electron mobility or hole mobility

Semiconductor changwoo

Kittel, Solid State Physics (Chapter 6, Egs. 53 -55)

. By 1
Hall coefficient [, = ————= ——
1.8, nqc
Hall mobility ~ Mg — coRy
1
= el T —
q( Jue puh) TLCIC
1
n-type = cqn
(n-type) Ve e~ =,
1
(p-type) Cqpi,—— = i
pgc

— Hall mobility = Major carrier mobility

at high doping concentration

http://bp.snu.ac.kr 35



Hall Measurement for Thin Film

T nam

substrate

[e,

+tH++++++++ 44

(_‘,{/\Y'Y‘QJT{; ‘ELOW
e

F

Jx
EH substrate
Wy=CORy=co—
9 &:BZ

Highly Resistive Substrate

— accurate Hall measurement of
thin-film
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Hall Measurement ( Ef & i/ &= H 24

J|E: 8 B9 20| = 2-2.1 cm Square or Square or rectangle:
— - —  — = — L.
Cloverleaf rectangle: contacts at the edges
contacts at or inside the
1 4 the corners perimeter
gt of -
v ~ . .
| 7 889 20l= % 18cm
/ ] —»
\
A A 2 3
(a) (b) (©)
Preferred Acceptable Not Recommended

metal contact

http://www.nist.gov/eeel/semiconductor/hall.cfm gigure 4

1-2 mm

1 2| schematic figure 2t 20| 252 2| 1| 4 & O] 0fl metal contact & 04 Hall measurementE =& 6tef J
Ct. Metal contact2 2 = silverLt indiumS M =0 M2 & (Al-doped ZnO & )0l = indiumE AIEUS Al
O =80l o 2 USLICH

QEZ 2 (b)) 20| A2E 2 22| metal contact% HES HEO0NH EEFE 20/= 0| It &KX
Otz=o =z 20|l= UHEHUHA SOz H&5 O 20| 20/J]= O 4 JLICH =lAst O (o)<
QEZ )2 & metal contactO] 848 ot 2O 2 EOD}IIL 2H ot X0l £E2S X & 5L

PN C9_|

U HE Cle HOIN HER T (RAH
1-2mm 3

= | Ot o
schematic figure2t 20| St 2l 2 Cl= 201 stHE 2 ZsLIt) €0l=

LICt.

N
3
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Coulomb Blockade and Hopping Conduction in PbSe Quantum Dots

Sample Preparation: Average size (PbSe nanoparticles) ~5.5 nm (0<5.5%)
Capped with oleic acid (~1 nm)

Three- I thick bSe
ree-monolayers thic e i{i iﬁiiﬁ?ﬁi Au

Annealing: Tuning the distance between QDs SiO,
Si
Tunable Quantum Dots ~ Annealed at 473 K ~_Annealed at 523 K, .,
H'::'_E . ¥ O 7 3?3K ﬁ—: . . .-.I‘_J-I : 52"3
é | 1] DR i
403 ] I <83
. 2 I : .00
] < P K
& 07 g 0 T e,
] T 2] |
403 17 |5 27
E 'I.- :.r 1 1 1 __1-_:‘;’.';’,/ : -JI:I::_I I'.‘II LI L L B |
_Et_,-' (a) 7! 5 8 1012 14 (b : 246 8 012
B B B BRI B Bl e e e e A
4 2 0 2 4 4 2 0 2 4
mes [V} VF;-r'ﬂs {V}

Phys. Rev. Lett. 95, 156801 (2005).

* Coulomb blockade ZFXHE UM 2l & XH2| capacity= &= & 0l 2| ol

i UAS. ' i ot HefH 2EE ¥
o/ Th2F 2+21 2 I --> Coulomb Blockade fluctuationsO| 1 fluctuationO| single electron O[5t} &l A

=1Lt QXA 0] OFZ= &OL0F 8. Sicl 2 10 nm JF & X+ 142 fluctuationO|

QI T2t 2+ E2F & E > Electronic Hopping 1 Sotn, 9802 MAE 2D YO 1nm 40| H0f0F &,
- ] & AIF1-200 order= control0] 2 B FAE 0 1S M X SHIF AL H

&Izt 2tZ IDFE I --> Quantum Tunneling  coulomb repulsion TR0 CHS & X SO JH=0 O 22 0lH XDt 2 Q35

(= w—

H &= & A2 Coulomb blockade & 40102t &. 2 =225mMm &%
PbSe Lt & XD A2 0l M Coulomb blockade & s*gﬁ S0l 0“' Qi'
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