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Today’s topics

Intrinsic (undoped) Additional reading
semiconductors
— Electronic structure of )
semiconductors http://britneyspears.ac/lasers.htm

— Carrier statistics http://www.halbleiter.org/en
— Chemical potential position

Extrinsic (doped)

semiconductors

— Dopants and their electronic
structure

— Effective mass theory
— Carrier statistics
— Chemical potential position

Conductivity and mobility
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Motivation

Why semiconductors?:

« Semiconductor electronics: transistors, diodes, ...

* Miniaturization: integrated circuits, microprocessors
Optoelectronics: LEDs, lasers, solar cells

» Properties can be altered via impurities = doping

— Control of charge carrier concentrations (Fermi-level),
conductivity

+ Band gaps in the visible light range
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Ask students.
- Behavior can be changed either more metallic or more insulating material
- Ability to do electronics coupled with optical properties



Metals, semiconductors and insulators

overlap
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Elemental vs. compound

semiconductors
+ Group IV: Si, Ge, Si,Ge, .
alloy (high mobility) - o direct gap
5 F Q oindirectgap -4 250

* |lI-V compounds: GaAs,

< s
GaAl,,As (heterostructures, & 1732
lasers) GaN, InN g w &
(optoelectronics, LED’s, o :ZZ 3
power el.) “ 3 1000~
+ |l—VI compounds: CdTe, 1350
HgTe (IR detectors), ZnS 4 .- 5 . 6 65 ?

lattice constant (A)

(Electroluminescence) ZnSe

+ And many others: CulnSe,,
MoS,, carbon nanotubes,
transp. conducting oxides

Aalto University
School of Science
L]

Visible light: red 1.65 eV — violet 3.26 eV, silicon 1.1 eV, GaAs 1.4, GaN, 3.4
eV, band gap tends to decrease with increasing principal quantum number
(going down the column in periodic table)

CulnSe2 is used in thin-film solar cells.

MoS2 is 2D material with band gap ~2 eV.

Carbon nanotubes are metallic or semiconducting depending on the chilarity
of the tube.

Many oxides tend to be easy to n-dope, but difficult to p-dope. Band gaps 2-
3eV. TCOs (ZnO, Sn02, In203) used e.g. in touch screens.



Direct Band Gap

|

—7/a +7/a —m/a | +7/a
(Crystal) momentum is This process has to involve a
conserved phonon (very inefficient!)
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Wave vector conservation k+g=k’, where k is the state in the valence band,
k' in the conduction band, and g for the photon. Also energy conservation.
Indirect process, goes through virtual state or virtual transitions: off-
resonance transition to intermediate state and then immediately another
transition to final state.

Total probability is the product of the probabilities of the two processes (and
scaled by the amount of off-resonance), and thus unlikely

Numbers: q = 2pi/lambda = 2pi*c/f = c/omega = c*hbar/E, forE = 1 eV =>
lambda = 1.24 mum => q = 5e6 1/m. For a = 3.14 A, Brillouin zone
boundary is at pi/a = 1e10 1/m



Indirect vs. direct energy gap

Energy (eV)

L r X UK r
Reduced wave vector
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Absorption of all photons with energy > gap. Thermalization/relaxation of
electrons to lowest unoccupied states. Can’t get to valence band via single
scattering events. Needs to emit photon with energy ~ gap.

Direct gap is good if light emission is wanted.

Indirect gap can be good in solar cells to avoid recombination (de-
excitation), or perhaps also in transistors.

Parabolic shape of band structure at valence band maximum and
conduction band minimum.



Homework question 1

Why are direct wide band gap materials useful?

See, for example, the background of the Nobel Prize in Physics
2014
(awarded "for the invention of efficient blue light-emitting diodes

which has enabled bright and energy-saving white light
sources")

2014 Nobel Lectures in Physics in Reviews of Modern Physics
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- Growth is difficult (requires high T,p), but also difficult to achieve p-type
doping



Intrinsic conductivity: Can a material

valence conduction
band band

density
of states g(E)

energy (arb. units)

probability
of occupation I(E)

>

" energy (arb. units)

holes
__— electrons
M

W energy (arb. units)

H(ERI(E)

with Fermi-level in band gap conduct?

\ / Deo(E) o £(m3,1)*/2\[|E = Ee

1

f(b) = elE-n)/ksT 4 1
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Density of states of parabolic band, Elliott eq. (6.193)

In semiconductor physics Fermi-level and chemical potential are used

interchangeably
Thermal excitations over the gap




The effective mass

» Aconcept in the semiclassical theory of electron
dynamics characterizing electrons near the bottom of
the conduction band and holes near the top of the
valence band

e

Vo (d2E()\ h2k?
Definition: m'=ih2< ()) (> E(k)=—— asforfreeel.)

dk? 2m
hole
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Description appropriate when considering distance (much) larger than
interatomic spacing.

Effect of atomic scale details on the electron dynamics are built into the
effective mass.



The effective mass (2)

E(k)
Electrons: a .
Small m Largem E (k)
(GaAs: m" =0.067m,)
k k
Holes: E(k)

Heavy holes (Si: m =0.49m,)

Spin - orbit interaction

splits the degeneracy =

Si: A=0.044 eV =0
Ge: A=0.29 eV

In addition to affecting the dynamics of electrons and holes the effective
masses also determine the densities of states of the band edges, pz)« ()
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Longitudinal and transverse effective
masses

o ke +k) K
E(k)=h| =2+

2m, 2m,
1001} 1001) " /'
< »

longitudinal

/

<

—
. 100} .
m, =0.19m, ! m, =0.082m,

4\ i > (‘ 2]
‘\ ‘ X
Si
. siicon M =0.98m, Gaimankon m; =1.57m, f 3 , Z
/6.>

"Electron pockets” in the conduction band minima of Si and Ge.
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Electron and hole densities

Fermi - Dirac statistics =

1

1 |
plE-Ep) k7141

¢'sin conduction band: n(T)= J‘dEDc(E)
E

= y
h™'sin valence band: p(T)= IdED‘.(E)| 1-
holes

E; = chemical potential (Fermi level)

Non - degenerate (low density) e and h™ gases /
E —E:>>kT 1 E;—E >>kT =

HE)(E)

n(T) = j dED, (E)exp[—(E - E;)/ kT

n endyrgy (arb. units)

p()= J'n‘ED‘ (E)exp[-(E; — E)/ksT)
= electrons
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Non-degenerate: not metallic, occupation of states much smaller than one
(determined by the "Boltzmann tail”), ~independent particles

|E-EF| > 2KT or 3KT is usually enough for non-degeneracy

| don’t like the hole-band formalism used in Elliott sometimes (it's also never
used in semiconductor physics books)

Use exp(-(E-EF)/kT)=exp(-(E-Ec)/kT)*exp(-(Ec-EF)/KT) to get to the result in
next slide
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Effective concentrations of electron

levels

7}

T conduction

; W conduction band

= | E-F s

X 5

% vgl::ge | E—0 n(T) = Ny (T)exp[E, — Ez )/ k;T]
i valence band P(T) = Ny (1) exp[HE; ~E,) / k5T
0

k (arb. units)

Maxwell - Boltzmann statistics for effectivelevelsat E, and E,

with effective degeneracies/ volume N, (T) = ja‘E D, (E)exp[{E—-E,)/k;T]
E

E,
N}, (T) = [dE D,(E)exp[~(E, - E)/ k;T]
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- We are usually interested in calculating n,p as a function of Fermi-energy

- One interpretation: replaces the band by a delta-function distribution at
VBM/CBM with an effective density of states

- n,p depend exponentially on Fermi-energy

14



Effective concentrations of electron
levels (2)

1 f2mz\*? 1/2
Forparabolic bands D,,,(E) = -2?(—,1—25) (|E - Ec,v') 4
e
3

2mme kg T\ my,\27/ T
v _ n,p"B 25 np . 19 3
Nepr =2 (7h2 ) 2.5( i ) (—300 K) 10" 1/cm

weak T dependence order of magnitude

Nl w

exp[—(...)/k;T] = n.p << 10* .. 10° 1/em’ . i.e. nondegenerate gases

The above formulasare used, with shifted E; also for doped semiconductors

Aalto University
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Naturally depends on the curvature of the band (m*) = ok

Depends on temperature = not so nice

Does not depend on Fermi-level = nice!

Compare, number of number of atoms or number of unit cells per volume is
10722-10"23 1/cm”3, that is, there is less than one electron per 1000 unit
cells.

15



Where is the chemical potential?
The chemical potential must be
roughly in the middle of the gap.

Otherwise one would get incorrect \\

number of electrons, or an W energy (arb. units)
imbalance between the number of
conduction electrons and vacant
valence states (holes).

probability
of occupation #(E)

>

H(E)a(E)

u* energy (arb. units)

Homework question 2

How do the curvatures of bands
affect the chemical potential
position?

area!

1(E)g(E)

" energy (arb. units)
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- Always charge neutrality holds, the macroscopic sample is neutral, number
of electrons = number of protons.

- Starting from OK and then adding excitations, electrons and holes are
always created as pairs, thus their numbers also need to match n=p=n_i
(intrinsic carrier concentration)

- HW2: similar to how chemical potential dependson T...



The law of mass action / chemical
potential position

np =N, N, exp[~(E, —E,)/ k,T]=n* +— Holds also with doping!
Eg - -
Intrinsic semiconductors i.e. no doping Case: m, <m, E()

o D(EY <]
n(T) = p(T) = n(T) =[N N, | exp[-E, 1 2k, T Yo =T

E (T>0) %7
k
n, (T =300K)

S E(T=0) (E
Si 1.5x10° 1/em’ Jeo(E)
Ge 2.4x10% 1/em’ nT)= p(T) 1
; NL(T
n=N, (Iexp[~(E, —E;)/k;T]= |E;=E,-E, aa ksl 2 (7)
- £ 2 N

If Njy =N orT>0 = E,=E +E,/2

Ao Aalto University
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Balance in generation (electrons in VB and holes in CB are the "reactants”
and Eg is the activation energy) and recombination (free electrons in CB
and holes in VB are the "products” and no activation energy).

n*p is independent of Fermi-level, and n*p=n_i"2 holds also for doped (non-
degenerate) systems

n_i confirmed to be much less than N_eff

The shift is usually fairly small, i.e., the Fermi-level remains quite close to
midgap in intrinsic semiconductors

Note, Eg is energy difference. EF, Ec, and Ev are energies with respect to
arbitrary (unknown) reference, thus only their difference has a "meaning”,
not their absolute values.
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Extrinsic (doped) semiconductors,
n- and p-type

+ Fermi-level position controlled i E,
by introducing impurities, also e E,; Donor level
called "doping”

- n#p

n-type

« |Iflarger number of electrons
than holes: "negative” material
= n-type

» If larger number of holes:
"positive” material = p-type

p-type

= "'BT{ I E dE Acceptor level

Aalto University
School of Science
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n- and p-type doping

« Both n- and p-type conductors E

needed for electronic devices. gk e — E, Donor level
* Donors = n-type conductors

e.g. P (3s23p?)in Si (3s23p?).

Extra ionic charge - a weakly =i

bound state below E. >

electrons to conduction band

by thermal excitation

* Acceptors = p-type
conductorse.g. Al (3s23p*)in Si
(3s23p?). Lack of ionic charge
- a weakly bound state above
E, = holes to valence band by ~kT{ T E. Acceptorlevel
thermal excitation E

Ao Aalto University
"

- P->Si, one extra proton and one extra electron. The positive potential
perturbs the VB and CB states. In CB, one state drops down from CBM
which then holds the extra electron. It is localized due to being inside the
gap. In VB, these "defect states” are within VB states and uninteresting.
States are also "resonant”, i.e., poorly localized due to mixing with host
states.

- Electron going to acceptor = hole going to VBM

- Even fairly small concentration of dopants is enough to move Fermi-level
close to VBM/CBM, e.g. in parts-per-million

19
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Effective mass theory

e

Consider, e.g.,

- + ¢} a =lattice constant

a donor level +1 .l o
donor ion
— ""fJ e energy zero
H-atom levels " 8(se, ' i ‘
H_/
(m*) 1
-13.6 eV | — ==

m, Je°n®
£%10.20 ; m" =~ 0., =

Electron binding energy:

1
E,(n=1)-E,~——13.6eV ~ 10meV ~ k,T << E,
0

1000
Effective electronradius :

m 2
Iy x @e—n ~ 100A >>a
m

Exercise 1

; ; . o
1, >>a = macroscopic& (« screening), m OK!

A consistent
picture

Aalto University
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Extra electron would go to conduction band, but it is then attracted by the

extra proton

Semiclassical dynamics and effective mass valid when distances larger than

lattice constant
Coulomb potential 1/r -> 1/(eps*r)

21



Donor and acceptor states

+ Sometimes works very well - =

e
He
T T e
BI|C|[N|O|F|[Ne
Table 6.7 Theoretical (hydrogenic) and experimental donor binding AR
energies €4 for shallow donors in I1I-V and II-VI semiconductors Al | Si| P | S |CI|Ar
Semiconductor €' (meY) 85 (meV) ulznlca G"e As | se | Br li‘r
GaAs 572 5.84 (Sig,); 5.8 (Gega); A bl e BB A Bl B
5.87 (Sas); 5.79 (Seas) g|Cd|In|Sn|Sb|Te| | | Xe
InSb 0.6 0.6 (Tesp) ; R mE - EEE Ry
CdTe 116 14 (Incy); 14 (Alcs) u|Hg| T1 | Pb| Bi | Po | At [Rn
ZnSe 25.7 26.3 (Alz,); 27.9 (Gazn); gt s sem | oo | owe | pon | o | g
. 1 "2 1"
29.3 (Fs.); 26.9 (Clse) iU i
After Yu and Cardona (1996), Fund. Is of Semiconductors, p. 159, Table 4.1, R B

© Springer-Verlag GmbH & Co. KG.
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Donor and acceptor states

Effective mass theory

m*=0.2m,; £=11.9(Si), 16 (Ge)

The figure on the left:

Tuble 12.5. lonization encrgies £ for a few donor species in silifon and germanium

b 50 B Y Optical absorption spectrum of a
2 i i :;: o Sb donor in germanium (T = 9 K)

Table 12.6. lonization energies E, for a few acceptor species in silicon and germanium

V) meV mevi fmev) « Shallow levels in band gap
& i it b i « Absorption to conduction band
o T starts at ~10 meV
it oo 1 E + Below that absorption to
] Ec several (higher-n) Rydberg
| 1 Donar states (splitted in the crystal
§ i P symmetry)
A? gal'to l.llnl'v;rmy

- Works less well when the band edges are located outside the Gamma-point,
VBM (or CBM) are degenerate, and/or effective mass is anisotropic
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A "shallow” donor level A’deep’” level

E
_ L, — Ec
Donor
Defect
— K — K

Ao Aalto University
o g

Shallow means that it is easy to excite electron from defect to band edge.
Easy means "by thermal excitation”.

Shallow ~= hydrogenic solution and effective mass description applies
Hydrogenic impurities in large band gap semiconductors can become deep
when mass increases and dielectric constant decreases. Effective mass
description not valid any more. Level positions more dependent on
electronegativity.

=>7Zn0, O-2p derived VBM states so deep in energy that there is no
hydrogenic acceptor (e.g. N leads to deep state), p-doping so far
impossible. Growth of p-type Mg-doped GaN, Nobel prize

24



Shallow vs. deep dopant levels

Shallow dopant levels in the band Deep defect levels in the band gap
gap

eg. a
vacancy in Si

Localized
wavefunction!

Py, 633 Schemasc
the product

srwion of 8 shallow hydroge

o onor slectron wavefunction i e
, being M(mmml}v\dmmﬂm!\u{mw tha s the
lolwmnolh:khmdn‘lmmlm(«k orvitl motion ofaa cectron, bound 10 dosor, The
lattice separation is o

Extended wave function!

A? Aalto Unlvormy
El

cccccccccccc

- Shallow state, being perturbation on the host, can be written as the periodic
part of the CBM/VBM Bloch wave functions times the hydrogenic envelope
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Charge carrier density in doped

semiconductors
Low temperature |E. — Ey| > kT
Gradient Eg/2k (freeze Out)
c E‘E
LI S, Gradient E4/2k kL { E E ;Donor level
¥ ¢ .
\':" High temperature | 5
scé‘é“"’ el I~ (intrinsic) - .
D B (_T_—_] n; > Ny
w / Fermi Energy E¢(T)
3e El |E. — Eq| < kgT
& Intermediate temperature
b Reciprocal temperature T" (saturation) n = Ny
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- Only the number of free electrons/holes matter for conductivity.
- Intrinsic whenn_i>N_d

- The T->0 limit is the same independent of the defect concentration
T->infinity

...asis
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Charge carrier density in doped
semiconductors

Ionization of dopant atoms :
NS +N; =N, donorion density
N!+N, =N, acceptorion density

Charge neutrality :

n+N_ =p+N;
n:all electrons in CB

p:all holesin VB

Aalto University
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- Donor can donate away the electron to CB and leave behind a positively

charged ion
- Acceptor can accept an electron from VB and become a negatively charged

ion



Charge carrier density in doped
semiconductors

kyT <<|E,—E,| = freezeout n <Ny
kgT >= |Ec —Ed‘ = saturation N; = N, =n

k,T >>|E.~E,| = intrinsic n,=n>>N,

Freeze out

Assume : N, >>n,

ded +e = n=N;=N,<d > ; <d > = ionization probability

9 Aalto University
School of Science
-
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Charge carrier density in doped
semiconductors
Different states for a donor

E . E; =chemical potential E .
= effective electron reservoir/ : * | l * I
EF

Ey: — energy level toadd/movee™s E,
define E =0 » Ei=-E +E,

\

Similarly for a spin up electron on E,

—'-H—‘—‘ E
E, _.H._._ . : (e Coulomb repulsion —
=-2E.+2E;+U 4

E,

Aalto University
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- d-: defect cannot bind another electron. Allternatively, consider just that the
energy is much higher than EO or E1



Charge carrier density in doped
semiconductors

—E, kT
e . 1

<d >= =
ze-; ET {12 EEVET

= n=N,<d >

i
(E,~E)hT _ ,~E,~E.) kT ,~(E.~E, Vk,T

e e e
NG & n(T)= N (T)e & 5%
= n=N,/[1+2e 55N ]

20 + N e ETEINT < N N o BRI Exercises 3 and 4

Freezeout: n<N

1/2
N N, 2
; - nzl: d J:I o E~EkT

2

Saturation : n— N, = constant

Intrinsic : n=n, = (N;N;,)‘ eI

Aalto University
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- To see why the first term is larger than the second term, plug in
n=Neff*exp(...) to both



Fermi level position in doped
semiconductors

Fermi - level position E (T)=7?

12
N,N; -
Freeze out: n=Ng, (T)e 5 55T :[%] e BT E o
Er —~—
2N¢ E
= E -E-(E-E)2-2ln =2 T
Y
E;
Saturation : n=N" (T}e"z EVRT _ N
& ) f E, \
= Ep=E, - kHTln% T
Intrinsic :  E, = E, —E s KT N Homework question 2
— ‘ z 2 N¢
o

Aalto University
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- Saturation: only valid when Fermi-level is below defect level. To keep defect
level occupation (and n) low upon increasing width of the FD distribution,
Fermi-level needs to move further down.

- Can all be obtained from charge neutrality
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Full solution

+ Usually, Fermi-level can not be solved analytically from

n+N_,=p+N,

9
c N,
Ne/'f(T)exp[—(Er—EF)/kBT]+1 3 =
N +

gne(EF—Ed) k5T

v N
N (T)exp[(Er - E,)/ ksT]+ le(E—d'E"“ET
d

8

Carrier density (cm"‘)

Fermi energy (eV)

Aalto University
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- lL.e., where will Fermi-level lie so that the total system remains charge
neutral (number of electrons is conserved)

- Degeneracy factors depend on the defect and on the band edge (i.e.
Material)



C ha l'ge ca I’rier Intrinsic Very high Np: Impurity band,
Degenerate el. gas

density pnn e w [oo

/2ksT ) Tde—
nxn e * Compensation ] No-10%cm
n=N,-N o |
d a
/ ?'\.\(2, n-Ge
. / noc g Ec-ED2kT & 08 \\
’ "“’Q‘ B
g Gradient E/2k § . .
7 = i High Np:
Qe é w0sif ’*‘\‘ M 107 —| -narrow saturation
oo s | \ region
. o
s ' é o - \ intrinsic region
) e oseat | w . not seen
[ WO e m] 3
"é‘- | T fermineray 0 J g o ®) \\ \‘
H ™~
) l \\\\\ 10
|
-1 wz 1 \
5 Reciprocal temperature T | By
Fig. 12.10. (-pmnmmmuumm-mm“m | \
conducton band of 42 -type saicondocto for two difeen donor concentratons N, > N ! No~10%cm™?
the forbidden band is £, and £, is the lonization energy of the doaors; (b) quali- nl L 1
tative temperature of the Fermi encrgy E¢ (7) in the same semiconductor. Ec and Ey L 0 002 004 006 008 O1
are the lower edge of the conduction band and the upper edge of the valence band, respectively,
Ep is the position of the donor levels and £, is the Fermi level of an intrinsic semiconductor Reciprocal temperature T~' (K™')

mllllmcmuﬂmnﬂﬁuemmnwmmm the
Hall effect (Pl-:l XIV) For the samples (/) to (6), the donor concentration Np vnncshnwe:-

A Aalto University 10'* and 10" of the electron in the intrinsic

School of Science region is ﬂ\ownhymcdnhedhm (After [12.3))




Scattering mechanisms for electrons and
holes in semiconductors

The carrier concentrations alone do not determine the
conductivity but the mobility affects as well. The main
scattering mechanisms are,

j=enp, + puy)E

1. Phonon scattering ot
_ n,p

2. lonized impurity scattering Hnp = %

(doped semiconductors) np

Aalto University
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- We saw in last exercise that for free electron gas we get Drude-like
expression. Here we have quite similar case with parabolic bands near band
extrema.

- Scattering mechanisms go into mobility. Expression for mobility looks
exactly like in Drude model.

- Electron-electron scattering ignored (also) due to low concentration of
electrons



Conductivity of semiconductors —
mobility of charge carriers

j=oE =enu,+ pu,)E M, = electronmobility o = conductivity

M, = hole mobility

g z 2 .
st =— (carrier-specificquantity)
en

A
Semiconductors: E =chemicalpotential ; 7 = timebetween scatteringevents = 7 = U
v

e\

p= ; A =mean freepath ; <v>_ =<WT)>,_ =V,

m <v>_,,

Maxwell - Boltzmann : <v>_ o AT

T~300K ~0,,, : acousticlongitudinal phonons => A oc1/(#of scattering events in the sample)

= A xl/n, (Here A isa property of the host material only)

1 1

Bose-Einstein : 1, x x xT
exp(ho/k,T)-1 1+he/k;T -1

Homework question 3

Aalto University
School of Science

Assuming relaxation time is same as scattering time, as they should roughly
be for phonon- and defect-scattering.

We could just take tau~1/T from the previous lecture...

MB statistics: independentish particles with MB energy distribution and
parabolic energy dispersion

Many semiconductors have Debye temperature closish to RT, after which
guantum effects can be ignored = each degree of freedom has energy of kT
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1135
'[lpbth?:T T =G, \

T
Doped semiconductors, 7T << Opeiye » impurity scattering
(Classical) Rutherford scattering : -
. I € <v> u
Cross section ZM wcsy> T " xcl/A -——
(Here A isa property of the charge carrier, too) /
.
+Ze T

1 5

H ey = P — L
<v> <v>Eh T P
In pt Defects Phonons

. . 1 1 1 1 1 1
Phonons and impurities : =—t— D —=—t—
T et Ho Hpy  Hay

‘ n-Ge

P —
TRe= T 1

R
"!‘ 5 InT
g.,‘i_. __________
5
Aalto University
School of Science
v ol
o 0 0 W e 80 100 00 300

- Rutherford, Elliott egn. 6.40
- Lecture 3: R_def = 1/tau_def = N_def*Sigma_def*v



Charge carrier mobility and conductivity
in doped semiconductors _,, =~

[l Nn.l}r"zm"
!: 2 ‘
S ok St ___Freeze out
ke g0 33 W W S E |7;‘{“_:§ + impurities
m M- 0% é I
1
. | ;e [
o
™l | n-rGe % I/ __._‘\ /
" N T"- Intrinsic "'y - N
g 'p-«n\\\\ o | .\‘\ Moo em?
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Notice T vs 1/T

- Total temperature dependence comes from both carrier concentration and

mobility: with different regimes in both
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Metals vs. semiconductors

An important qualitative difference!

meta,\ Phonon scattering |

Number of
semiconductor charge camers I

T (arb. units)

conductivity, o (arb. units)

J= e(nun + p”P)E

Aalto University
School of Science
-
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Near future program

» Friday, exercise session 3
(deadline for session 2 problems)

* Monday: lecture and homework on "Semiconductor
devices”, Elliott 8.4-8.5

Aalto University
School of Science
L]

39



