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m 28. 11. 1895 v Parizi podepsal Alfred Nobel
zavet, podle ktere mely byt udelovany ceny
védcum, politikum, lidem, ktefi v predesiém
roce prinesli ve své oblasti nejvétsi prinos.

m Ted je to pet oblasti:

Fyzika
Chemie
Medicina, fyziologie
Literatura
Mir



Nobelovy ceny za fyziku

Udileji se od r. 1901

108 vyhlaseni Nobelovych cen

Zadna cena nebyla udélena v letech:
1916, 1931, 1934, 1940,1941, 1942

Za fyziku bylo udeleno 199 cen 198 lidem
John Bardeen 2x — 1956 a 1972

W. Lawrence Bragg, 1915, ve véku 25 let, napul s
otcem W. Henry Bragg

(M. Curie-Sklodowska — fyzika | chemie)
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Nobelova cena za fyziku v roce 2014 byla udélena:
,Za Vyvoj ucinnych modrych luminiscencnich diod (LED

X lumidek ?) umoznujicich vytvoreni noveho, jasného a
usporného bilého svetelneho zdroje”

Isamu Akasaki, Hiroshi Amano a Shuji Nakamura

"for the invention of efficient blue light-emitting diodes
which has enabled bright and energy-saving white light
sources”



Jednou za Cas se vazeni Clenoveé vyboru Kralovské
svédske akademie ved pro udileni Nobelovych cen
za fyziku! rozhodnou udélit cenu za prace, které
castecné vyhovuji puvodnimu Nobelovu zadani

se muzeme jen dohadovat, co dulezitosti objevu
Alfred Nobel® myslel, faktem je, Ze dosud bylo
udeleno mnohem vic cen za fundamentalni vedecky
vyznam nez za v dobe udéeleni znamou
aplikovatelnost, natoz za vynalezy, presto i tech je
fada*. Roentgen?°

Nobeluv pozadavek ,v predchozim roce” byl vSak ze
zfejmych duvodu opustén.
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Nobelova cena za fyziku v roce 2014, ktera byla udelena ,Za
vyvoj modrych svetelnych diod umoznujicich vytvoreni
noveho, ekologického svetelného zdroje.” je podle naseho
nazoru presné na pomezi velmi dulezitého aplikovatelného
objevu a vynalezu. Domnivame se, ze A. Nobel by mel radost.

Teoreticke prace, ktere vedly k realizaci modrych LED,
byly ocenény jiz dfive (napf. v roce 2000). Prace laureatu,
které byly oceneny, maji a budou mit velky dopad nejen na
ekologii, jak se pfimo piSe ve zduvodnéni, ale i na ekonomii a
to jak pro vyrobce, tak | pro uzivatele.

Jedini, kdo asi nemaji radost, jsou astronomove, levne
a silné zdroje svétla zvysuji planetarni svetelny smog.

Bohuzel mozny pozitivhi ekonomicky vyznam pro
uzivatele Ize relativizovat, neb zkusenost z vyspéelych zemi
ukazuje, ze misto, aby se usetrilo - bude se vic svitit.



" J
O co vilastneé jde: LED (Svetlo emitujici diody) i LD (diodové lasery)

Historie:

1907(!) - Prvni elektroluminiscencni dioda - SiC, H.J. Round , znovu
objeveno Losevem v r. 1928.

1936 - Destriau - LED z ZnS.

1952 - Welker - A"BY (GaAs).

1962 - Lasery (RCA, GE, IBM, MIT).
60-90 Iéta - Rozvoj epitaxnich technologii.

70-90 |éta - Zavedeni heterostruktur (NC 2000) a QW (kvantovych jam
- nanotechnologie).

1977 - VyreSeni rychlé degradace laseru i diod (bezdislokacni substr.!).
90-0 leta - Modre GaN LED na Al,O4 (NC 2014), na GaN, na Si, ...
QCL (kvantove kaskadové lasery) (NC ?77?, Kazarinov, Suris, Faist?)
10 leta — auta, osveétleni, podsvétlovani, (LD — komunikace, internet, ...)



Prvni heterostruktury — 60 leta

Nobelova cena za fyziku 2000- '
Alferov a Kroemer |

. 2 " & i - Eduard Hulicius, Bedrich Velicky,
Vyrazne Zvysem IntenZIty Heterostruktury, které slouzi vSem —

emise z laserove diody @  Nobelova cena za fyziku 2000, Vesmir 80,
ucinnosti LED. 32, 2001/1

¥T* W= MOVPE laboratory, Institute of Physics ASCR, V.v.i. . zikalni ustav

demie véd €R, v. v. i.
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Fig. 1. Laser structures with type II heterojunction (a) and type I (b) at the interface.
heterojunction at the interface had band-offset values AEv=52 meV, AEc=15 meV and

AEv/AE~~3.4. For other structure with type I heterojunction at the interface AEy/AEc is equal

to 1.56 (AEy=39 meV, AEc=25 meV).



Heteroprechody zase jinak
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Fig. 4.6. P-n homojunction
under (a) zero and (b)
forward bias. P-n hetero-
junction (c¢) under forward
bias. In homojunctions,
carriers diffuse, on average,
over the diffusion lengths
Ly and Lp before recom-
bining. In heterojunctions,
carriers are confined by the
heterojunction barriers.
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HETEROJUNCTIONS can be made between different semicon-
ducting materials with the same or different conduetivity types. In
this illustration the potential profiles of the valence band and the
conduction band are shown for a p-p heterojunction and a p-n het-
erojunction hetween gallinm arsenide (GaAs) and alaminum gal-
linm arsenide (Al Ga; _ A=) At the p-p heterojunction (left) the
wider band gap of aluminum gallium arsenide canzes a step in con-
duction band that can act a= a potential barrier to reflect electrons

OPERATING PRINCIPLES of a homostructure laser (left), a
single-heterostructure laser (middle) and a double-heterostructure

AlGay_,As

if they are injected from the leit. Forward-biasing the diode has
no effect on this barrier. At the pon heterojunction with ne forward
bias the bands are already bent to prevent current flow. When for-

ward-biased enough to inject electrons from the n-type aluminum |
gallium arsenide to the ptype gallinm arsenide (right), a residual
potential barrier remains on the valence band at the pan hetero:
junction as a result of the band-gap difference. This barrier pre
vents holes from crossing the p-n heterojunction from the right,

AlGay_ As

light does not penetrate significantly through the p.p hetersj
tion and the electrons are reflected. As a result a higher
5 A

laser (right) are compared in this illustration. In the b ueture
laser electrons (block arrows) are injected across the pn homo-
junction to varying distances inta the p region. (Hele injection
does not become important until much higher current levels are
reached.) In the homostructure deviee light (color) penetrates into
the adjacent material out of the region where most of the stimula-

tion is taking place, causing a loss of light that wonld otherwize

contribute to stimul In the single-h ueture device the

36

- fi and  light fi tois
double-heterostructure device holes, electrons and light a
effectively confined in the very thin region hetween the two b
junetions, Electrons are reflected by the potential barrier in i
duction band at the pep heterojunction, and holes are
the potential barrier in the valence band at the pa he
Light-confinement results from the difference in re
between the gallinm arsenide and the alwminum gallinm ar
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O co vilastneé jde: LED (Svetlo emitujici diody) i LD (diodové lasery)

Historie:

1907(!) - Prvni elektroluminiscencni dioda - SiC, H.J. Round , znovu
objeveno Losevem v r. 1928.

1936 - Destriau - LED z ZnS.

1952 - Welker - A"BY (GaAs).

1962 - Lasery (RCA, GE, IBM, MIT).
60-90 Iéta - Rozvoj epitaxnich technologii.

70-90 léeta - Zavedeni heterostruktur (NC 2000) a QW (kvantovych jam
- nanotechnologie).

1977 - VyreSeni rychlé degradace laseru i diod (bezdislokacni substr.!).

90-0 Iéta - Modré GaN LED na Al,O, (NC 2014), na GaN, na Si, ...
QCL (kvantove kaskadoveé lasery) (NC ?77?, Kazarinov, Suris, Faist?)

10 leta — auta, osvétleni, podsvétlovani, (LD — komunikace, internet, ...)
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L onsti laureati

Isamu Akasaki Hirosi Amano Sudzi Nakamura
(Hiroshi) (Shuji)

Nagoja University firma Nichia / UCSB
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m Jan Valenta, lvan Pelant Publikovano: Vesmir 92, 612, 2013/11
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A revolution in lighting technology ol
i LEDs use approx. 1/10 of the electricity

have a tenfold longer life (> 10 years)

SIEMENS

Incandescent LED

LED-Signalgeber von Siemens
) i 1441

Cost of light source $2.50 $42.00
Power requirements 150 W 20 W
Annual electrical bill  $78.80 $10.50
(at $0.10/kWhr)

Payback period - <1 year

Source: European Semiconductor, Vol. 22, No. 1, Jan. 2000

Standard in several US states; pilot projects in UK, S, CH, A, F
Germany: pilot projects in Munich, Frankfurt, Aachen
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Rekombinace a propustné napéti

(a) p-njunction under zero bias

I
p-type .
I

.
: Ep-Ey i &
T : n-type
G £,
(b) p-n junction under forward !::1:1; S + eV - oV
i = fo
o .._.I.E_ i e |
: eV
B
=

Fig. 4.1. P-n junction under
(a) zero bias and (b) forward
bias. Under forward bias
conditions, minority carriers
diffuse into the neutral
regions where they recom-
bine.
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Fig. 4.3. Typical diode forward voltage versus bandgap energy for LEDs made from
different materials (after Krames et al., 2000; vpdated with UV LED data of Emerson ef

al., 2002).

T=300K

(a) Ge EE =().7 eV
(b) Si Eg=1.1 eV
(c) GaAs Eg=14eV
(d) GaAsP Eg=20eV
(e) GalnN Eg =29eV

Fig. 4.2. Room-temperature
current—voltage character-
istics of p-n junctions made
from different semiconduc-
tors.
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Fig. 4.6. P-n homojunction
under (a) zero and (b)
forward bias. P-n hetero-
junction (c¢) under forward
bias. In homojunctions,
carriers diffuse, on average,
over the diffusion lengths
Ly and Lp before recom-
bining. In heterojunctions,
carriers are confined by the
heterojunction barriers.
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Emisni spektrum LED
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Fig. 5.1. Parabolic electron and hole dispersion relations showing “vertical” electron-
hole recombination and photon emission.
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Fig. 5.2. Theoretical emis-
sion spectrum of an LED.
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Figure 5.15 Energy band structures for Silicon (left) and GaAs
(right). Energy is shown vertically, and k horizontally. The hori-
zontal line marks the top of the filled “valence” bands; in pure
samples the upper bands are empty except for thermal excita-
tions (indicated by ++ and —-symbols.) The zero of momentum
is indicated as “I"’, and separate sketches are given for E vs k in
(111) left and (100) right directions.



Hlavni problém LED byl - dostat svétlo ven!!

'«—2— Light source

Fig. 5.3. (a) Definition of the escape cone by the critical angle ¢¢. (b) Area element dA.
(c) Area of calotte-shaped section of the sphere defined by radius r and angle ¢ .
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Fig. 5.4. Geometrical model used to derive the Lambertian emission pattern. (a) The light
emitted into angle d¢ inside the semiconductor is emitted into the angle d® in air.
(b) Mlustration of the area element dA of the calotte-shaped section of the sphere.
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Fig. 5.5. Light-emitting diodes with (a) planar, (b) hemispherical, and (c) parabolic
surfaces. (d) Far-field patterns of the different types of LEDs. At an angle of € = 60°, the
lambertian emission pattern decreases 1o 50 9% of its maximum valve occurring at @ = (°,
The three emission patterns are normalized o unity intensity at @ = 0°,

Fig. 5.6. (a) LED without and
{b) with dome-shaped epoxy
encapsulant. A larger escape
angle is obtained for the LED
with an epoxy dome. (c)
Calculated ratio of light ex-
traction efficiency emitted
through the top surface of a
planar LED with and without an
epoxy dome. The refractive
indices of typical epoxies range
between 1.4 and 1.8 (adopted
from Nuese et al., 1969).



Heterostruktura ma efekt i v LED — nejen vymezi rekombinacni
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Fig. 6.1. Illustration of a double heterostructure consisting of a bulk or quantum well
active region and two confinement layers. The confinement layers are frequently called

cladding layers.

(a) Homojunction under forward bias (b) Heterojunction under forward bias
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Fig. 6.2. Free carrier distribution in (a) a homojunction and (b) a heterojunction under
forward bias conditions. In homojunctions, carriers are distributed over the diffusion
length. In heterojunctions, carriers are confined to the well region.
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- TNE 7l e - structure with optically trans-
T e parent confinement regions.

Fn |eeeeegpeeeee . : ]
Reabsorption in the active
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high carrier concentration in
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P . shift of the absorption edge.
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Fig. 7.3. “Trapped light” in a rectangular-parallelepiped-shaped semiconductor unable to
escape for emission angles greater than ¢ due to total internal reflection.
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(a) Top escape  Side escape (b) Top escape
cone cone cone
9 o w _ Side escape
... ted’ jen neco ——_ ring
4

udélat s tvarem: Epiaxia _J

ayer

Substrate Substrate

Fig. 7.5. Iustration of different geometric shapes of LEDs. (a) Rectangular
parallelepipedal LED die with a total of six escape cones. (b) Cylindrical LED die with a
top escape cone and a side escape ring.

(b) e

Fig. 7.4. Schematic illustration of
different geometric shapes for LEDs
with perfect extraction efficiency.
(a) Spherical LED with a point-like
light-emitting region at the center of
the sphere. (b) A cone-shaped LED.
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Substrate
(n-type GaP)

GaAllnP active region

{a) p-GaP

Fig. 7.6. Truncated inverted pyramid (TIP) AllnGaP/GaP LED. (a) LED driven by an
electrical injection current. (b) Schematic diagram of the LED illustrating the enhanced
light extraction efficiency (after Krames er al., 1999).
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Fig. 7.7. External efficiency vs.
forward current for red-emitting
(650 nm) truncated inverted pyra-
mid (TIP) LEDs and large-
junction (LJ) LEDs mounted in
power-lamp packages. The TIP
LED exhibits a 1.4 times impro-
vement in extraction efficiency
compared with the LJ device,
resulting in a peak external quan-
tum efficiency of 55 % at 100 mA
(after Krames ef al., 1999).
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A co kontakty ...

(a)

— Top ohmic contact

=

—————

Substrate

Fig. 7.8. Effect of the current-
spreading layer on LED out-
put. (a) Top view of an LED
without a current-spreading
layer. Emission occurs only
near the perimeter of the con-
tact. (b) Top view of an LED
with a current-spreading layer
(after Nuese et al., 1969).

Top
confine-
ment

Bottom

confine-
ment

() — P-contact « P-c_unt:wl. —p*-GaAs

2-15um GaP window layer  Mg-doped AlGaAs p-doped

0.5—1pm AllnP Mg-doped| AlGalnP p-doped

05-1pum AlGalnP active undoped AlGalnP active undoped

1.0 pm AllnP Te-doped | AlGalnP n-doped
n-type GaAs substrate Te-doped n-type GaAs substrate

L M-contact

: M-contact

Ohmic
contact

Fig. 7.9. Current-spreading structures in high-brightness AlGalnP LEDs. Illustration of
the effect of a current-spreading layer for LEDs (a) without and (b) with a spreading layer
on the light extraction efficiency. (¢) GaP current-spreading structure (Fletcher er al.,
19914, 1991b). (d) AlGaAs currect-spreading structure (Sugawara ef al., 1992a, 1992b).



... 1 jejich geometrie je dulezita.

(a) Tt (b) ? (c)
. 250 250
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Fig. 7.16. Top view on an LED die with (a) a circular contact also serving as a bond pad
and (b) a cross-shaped contact with a circular bond pad. (c) Typical contact geometry
used for larger LED dies.
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ékdy vadi absorbujici podlozka.

MOVPE AlGalnP VPE GaP GaAs substrate removal  GaP wafer bonding AlGalnP/GaP
epi growth window growth with with uniaxial pressure TS wafer
wet chemical etch  at elavated temperatures

AlGalnP DH

Absorbing
GaAs substrate

Absorbing
GaAs substrate

Fig. 7.17. Schematic fabrication process for wafer-bonded transparent substrate (TS)
AlGalnP/GaP LEDs. After the selective removal of the original GaAs substrate, elevated

temperature and uniaxial pressure are applied, resulting in the formation of a single TS
LED wafer (adopted from Kish er al.. 1994).

(a) (b)
AS LED TS LED

? Fig. 7.19. (a) Amber AlGalnP LED with a GaP window layer and an absorbing GaAs
substrate (AS). (b) Amber AlGaInP LED with a GaP window layer and a transparent GaP
substrate (TS) fabricated by a wafer bonding. Conductive Ag-loaded die-attach epoxy can
be seen at the bottom of the TS LED (after Kish and Fletcher, 1997).
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Anrireflexni pokryti zvySuje ucinnost, nékdy i zZivotnost.

A4 = Nyl (4TipR)

- Ail’, ﬁair

AR coating, 7i,p = (7ig Fagir) " 2

High-index
semiconductor, 7

Fig. 7.20. Ilustration of optimum thickness and refractive index of an anti-reflection

(AR) coating.

Dielectric material Refractive index Transparency range

Si0, (silica) 1.45 > 0.15 um

Al,O; (alumina) 1.76 > 0.15 um

TiO, (titania) 2.50 > 0.35 um

Si;Ny  (silicon nitride) 2.00 > 0.25 um

ZnS (zinc sulphide) 2.29 > 0.34 um

CaF, (calcium fluoride) 1.43 > 0.12 pm

Table 7.2. Refractive index and transparency range of common dielectrics suitable
anti-reflection coatings (after Palik, 1998).
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Zrcadla, ktera odrazi svétlo ven se daji vytvorit i ve strukture.

Top contact Distributed Bragg reflector

Current spreading

————
-—— o

Refractive index:

Substrate contact

——— e - —

1 Index contrast:
7 Thickness:
- Number of pairs:

Top
contact

i

An =

and

)
| Aip — iy |

Ay (@4ii)) and A /(4i,)

m

DH {

n-type DBR{

n-type substrate

n-type current-blocking layer

V.
.

p-type current-spreading layer
p-type upper confinement layer
Active region

n-type lower confinement layer

Substrate contct

Fig. 7.24. LED with an n-type current-blocking layer located on the upper confinement
layer. Light emission occurs in the regions not covered by the opaque top ohmic contact.
The LED is fabricated by epitaxial regrowth. After growth of the current-blocking layer,
the wafer is taken out of the growth system for etching. The wafer is then re-introduced
into the epitaxial system for growth of the current-spreading layer.



Ale pozor na zZivotnost a pnuti.
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Fig. 6.14. (a) Cubic-symmetry crystals with equilibrium lattice constant a; and ay
ib) Thin, coherently strained crystal layer with equilibrium lattice constant a;
sandwiched between two semiconductors with equilibrium lattice constant ay. The
coherently strained layer assumes an in-plane lattice constant ay and a normal lattice

constant a_.
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Fig. 6.11. Emission intensity of two mesa-etched LEDs and two planar LEDs versus time

(after Schubert and Hunt, 1998)
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Fig. 6.15. Optical output in-
tensity of an AlGalnP LED
driven with an injection
current of 20 mA versus the
lattice mismatch between
the AllnGaP active region
and the GaAs subsiraie
(after Watanabe and Usui,
1987).
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Fig. 8.12. Bandgap energy versus lattice constant of III-V nitride semiconductors at
room temperature.
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Bilé diody

(a) (b) Phosphorescence
T Phosphor f Blue luminescence
_ﬂ Bond wire
LED chip

Phosphor

L

Fig. 12.5. (a) Structure of white LED consisting of a GaInN blue LED chip and a
phosphor-containing epoxy encapsulating the semiconductor die. (b) Wavelength-
converting phosphorescence and blue luminescence (after Nakamura and Fasol, 1997).
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Fig. 12.6. Emission spectrum of a phophor-based white LED manufactured by the Nichia
Chemical Industries Corporation (Anan, Tokushima, Japan).
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Dvoubarevné diody (jednocipové!)

Blue light

Yellow light

} Secondary source Fig. 12.8. Schematic structure of a

p-type confact

(AlGalnP) photon-recycling semiconductor LED

Sapphire substrate with one current-injected active region

(Active region 1) and one optically

Primary source excited active region (Active region 2)

A (GaInN/GaN LED) (after Guo et al., 1999).
n-type
contact
Input: ' Output:
optical power, long-wavelength

(1M RPy Ay I Ny) —" r optical power, Py

Total optical
power: P + Py

Optical power
ratioR = Py / P

T

Input:
electrical _T L
power, P Output: Output:
short-wavelength short-wavelength
optical power, N1 P optical power, P

Fig. 12.9. Photon-recycling semiconductor LED power budget with electrical input power
P and optical output power P and P,.



I LED-Kky mohou mit rezonatory

T=30MK

RCLED

VCSEL
I=2mA

Electroluminescence intensity
=]
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0 t
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Wavelength 4 (nm)

960

Fig. 10.3. Spontaneous electroluminescence spectrum of a vertical-cavity surface-
emitting laser (VCSEL) emitting at 850 nm and of a resonant-cavity light-emitting diode
(RCLED) emitting at 930 nm. The drive current for both devices is 2 mA. The VCSEL
spectrum is multiplied by a factor of 10. The threshold current of the VCSEL is 7 mA
(after Schubert er al., 1996).
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Active
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reflector

10 Period
AlAsGaAs
DBR

Fig. 10.4. (a) Schematic structure of a substrate-emitting GalnAs/GaAs RCLED
consisting of a metal top reflector and a bottom distributed Bragg reflector (DBR). The
RCLED emits at 930 nm. The reflectors are an AlAs/GaAs DBR and a Ag top reflector.
(b) Picture of the first RCLED (after Schubert er al., 1994),
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Kolik stoji lumen?

LED luminous flux per package [lm){
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Fig. 8.15. LED lumi-
nous flux per package
and LED lamp purchase
price per lumen versus
year. Also shown are the
values for a 60 W incan-
descent tungsten-fila-
ment light bulb with a
luminous performance
of about 17 Im/W and a
luminous flux of 1000
Im with an approximate
price of 1.00 USS (after
Krames et al., 2000).
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Spektralni citlivost oka (a LED vlastnosti)
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Fig. 11.2. Eye sensitivity function, V(A), (left ordinate) and luminous efficacy, measured
in lumens per Watt of optical power (right ordinate). The eye sensitivity is greatest at 555
nm. Also given is a polynomial approximation for V(A) (after 1978 CIE data).
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Strucny uvod je za nami, tak
ted k té lonské Nobelové cené



|
Eonétl’ laureati:

Isamu Akasaki Hirosi Amano Sudzi Nakamura

Nagoja University firma Nichia / UCSB



¢ Isamu Akasaki (JrlF B Akasaki Isamu?, born January 30, 1929) is a
Japanese scientist known for inventing the bright gallium nitride (GaN)

p-n junction blue LED in 1989 and subsequently the high-brightness
GaN blue LED as well.[2I31415]

For this and other work Isamu Akasaki was awarded the Kyoto Prize in
Advanced Technology in 2009% and the IEEE Edison Medal in 2011.Z

Born in Kagoshima Prefecture, Akasaki graduated from Kyoto
University in 1952, and obtained a Dr.Eng. degree in Electronics from
Nagoya University in 1964. He started working on GaN-based blue
LEDs in the late 1960s. Step by step, he improved the quality of GaN
crystals and device structures®! at Matsushita Research Institute
Tokyo, Inc.(MRIT), where he decided to adopt metalorganic vapor
phase epitaxy (MOVPE) as the preferred growth method for GaN.

In 1981 he started afresh growth of GaN by MOVPE at Nagoya
University and in 1985 he and his group succeeded in growing high-
quality GaN on sapphire substrate by pioneering the low-
temperature(LT) buffer layer technology.19M1




Hiroshi Amano (X% & Amano HiroshiZ, born September 11, 1960)
was born in Hamamatsu, Japan on September 11, 1960. He
received his BE, ME and DE degree in 1983, 1985 and 1989,
respectively, from Nagoya University. From 1988 to 1992, he was a
research associate at Nagoya University. In 1992, He moved to
Meijo University, where he was an assistant professor. From 1998 till
2002 he was an associate professor. In 2002, he became a
professor. In 2010 he moved to the Graduate School of Engineering,
Nagoya University, where he is currently a professor.

He joined Professor Isamu Akasaki's group in 1982 as an
undergraduate student. In 1985, he developed low-temperature
deposited buffer layers for the growth of group Ill nitride
semiconductor films on a sapphire substrate, which led to the
realization of group-lll-nitride semiconductor based light-emitting
diodes and laser diodes. In 1989, he succeeded in growing p-type
GaN and fabricating a p-n-junction-type GaN-based UV/blue light-
emitting diode for the first time in the world.
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Sudzi Nakamura, t¢Z Shuji (Shaji) Nakamura,
(* 22.5. 1954, Seto, prefektura Ehime, Japonsko) je japonsko-
americky profesor Kalifornské univerzity v Santa Barbare (UCSB od
roku 1999). V roce 1977 absolvoval TokusSimskou univerzitu, kde v
roce 1994 ziskal doktorat. Od 70. let do roku 1999 pracoval ve
firmé Nichia Corporation.

Shuji Nakamura is regarded as the inventor of the blue LED, a major
breakthrough in lighting technology. For Nichia Nakamura invented
the first high brightness gallium nitride (GaN) LED whose brilliant blue
light, when partially converted to yellow by a phosphor coating, is the
key to white LED lighting, which went into production in 1993.

At the time, many considered creating a GaN LED too difficult
to produce, therefore Nakamura was fortunate that the founder of
Nichia, Nobuo Ogawa (1912-2002) was initially willing to support his
GaN project. However the company eventually ordered him to
suspend work on GaN, claiming it was consuming too much time and
money. Nakamura continued to develop the blue LED on his own and
iIn 1993 succeeded in making the device.
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In 2001, Nakamura sued his former employer Nichia over his
bonus for the discovery, which was originally ¥20,000
(=US$180). Although Nakamura originally won an appeal for
¥20 billion (=US$180 million), Nichia appealed the award and
the parties settled in 2005 for ¥840 million (=US$9 million), at
the time the largest bonus ever paid by a Japanese company.

Nakamura has also worked on green LEDs, and is responsible
for creating the white LED and blue laser diodes used in Blu-ray
Discs and HD DVDs.

Nakamura is a professor of Materials at the University of
California, Santa Barbara, and holds over 100 patents. In 2008,
Nakamura, along with fellow UCSB professors Dr. Steven
DenBaars and Dr. James Speck, founded Soraa, a developer of
solid-state lighting technology built on pure gallium nitride
substrates.




"
Soraa’s New LED Optical Light Engines Are Poised To Inspire
New Fixture Designs

FREMONT, CA, FEBRUARY 17, 2015

Soraa, the world leader in GaN-on-GaN™ LED technology, launched
today a small, low profile series of light engines that provide fixture
manufacturers access to the company'’s full visible spectrum GaN-on-
GaN LED technology. From narrow spot to flood, Soraa’s Optical Light
Engines produce incredibly high CBCP; and the engine’s optical

design provides flawless beam
definition, smooth beam edges and is
customizable with the company’s
SNAP System. Designed for
seamless fixture integration, the
Optical Light Engines are compatible
with a wide variety of industry-
standard LED drivers and perfect for
use in enclosed, non-ventilated
indoor.

Certified Business Continuity Professional
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Soroa’s SNAP Systém:
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Nez se dostaneme k popisu podstaty nobelovského pocinu,
musime Fici néco o zpusobu pripravy LED (i LD) struktur.

Monokrystaly, periodicky dokonalé a Uctyhodnych rozmeru se
pripravuji z taveniny (= vysoka teplota — hodné bodovych
defektu: vakance, intersticialy, antiside a jejich kombinace, nebot
plati rovnice pro minimum energie - y = AG = AH — TAS,

pres defekty bézi nezariva rekombinace — struktury nesviti a i
jinak Spatné funguiji).

Vrstvy, struktury (hetero i nano) se pripravuji epitaxnim rustem
(epitaxe znama jiz od roku 1936 = z feckeého ,usporadane na“).
Rust probiha z pevné, kapalné i plynné faze a hlavné pfi nizSich
teplotach (S = In(n), tak staCi jen nasobné nizsi, nez pfi rustu z
taveniny, aby bylo fadové méné defektu).

Dnes jsou nejdulezitSi dvé:

MBE (epitaxe z molekularnich svazku) — badatelska metoda a
MOVPE(=MOCVD) technologie (Metalorganic vapor phase

epitaxy — Plynna epitaxe z organokovovych sloucenin),
badatelska, ale hlavné prumyslova.



tetrachlor-
metan

O ® @ e
Ga Si As Cl c H Zdroj: http://www.fzu.cz/texty/brana/movpe/movpe.php
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MOVPE (MetalOrganic Vapour Phase Epitaxy)

NejvyznamnéjSi pramyslova ale i badatelska technologie.
Princip metody:
Ohrejeme substrat v prostredi ultracistého plynu (redukéni vodik, vyjimecné
inertni dusik) na tak vysokou teplotu, aby desorbovaly pfirozené oxidy a
povrchoveé necistoty a take, aby se povrch atomarne vyhladil. Pak privedeme
do blizkosti ohfatého substratu vhodné prekursory (organokovy a hydridy),
tyto se zde termicky rozlozi a atomy budouci epitaxni vrstvy se usadi na
povrchu (fyzisorpce), migruji po ném a posléze se navazi na spravna mista
krystalové mrizky (chemisorpce).

Zakladni sumarni rovnice pro rust GaAs z trimetylgallia (TMGa) a arsinu
Ga(CH,), + AsH, — GaAs + 3CH,

a velmi podobne pro ternarni, pripadne kvaternarni slouceninove polovodicCe

xGa(CH,), + (1-x)AI(CH,), + AsH, — Ga,Al,, ,As + 3CH,



A VaDh el

2Ga(CH,); — 3CH, + Ga(CH,), + Ga(CH,)
arsin se rozlozi v plynné fazi
CH, + AsH, — AsH, + CH,
a pak teprve probéhne heterogenni reakce na povrchu horkého substratu

Ga(CH,) + AsH, — GaAs + CH, + H
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Table 2.1 Gas-phase and surface reaction mechanism for growth of GaAs from TMGa and arsine. S, refers to an arsenic
site, Sg refers to a gallium site (after Jensen ef al 1991). (An asterisk refers to surface adsorption.)

Gas-phase reactions Surface reactions
(G1) Ga(CH;); — Ga(CHjy), + CH;- (S1) H-+Sg — Hg
(G2) Ga(CHj3), — GaCHj; + CH;- (S2) H-+S, — H}
(G3) CH3 -+ AsH; — AsH, + CH,4 (83) CH3 s SG <> (CH3)E
(G4) CH3 vl Hz —> CH4 + H- (S4) CH3 mirfe SA <> (CH3)R
(GS) H-+H-+M—-> H, + M (S5) GaCHj + Sg < GaCH;
(G6) CH;+H-+M —> CH, + M (S6) Ga(CHsj); + Sg — GaCHj + CH;s-
(G7) CH; - + CH3» —> C,Hg (87 Ga(CH3); + S¢ — GaCHj} + 2CH;3-
(G8) GaCH; - + CH;- — GaCH, + CH, (S8) GaCH; + Sg + So — GaC + H,
(G9) GaCH; + H- —» GaCH; (S9) Ga(CH3)CH; + Sg + SAo & GaC + CH; - + H,
(G10) Ga(CH3)3; + CH;3- — Ga(CH3),CH, + CH, (S10) Ga(CH3),CH; + Sg + Sao — GaC + 2CH3 - + H;
(G11) Ga(CH3),CH; + H- — Ga(CH;3); (S11) AsH + S, <& AsH*
(G12) Ga(CH;),CH,; — Ga(CH3)CH; + CH; (S12) AsH,; + Sp < AsH* + H-
(G13) Ga(CH;3)CH, — GaCH; + CHj; (S13) AsH; + S, <& AsH* + H,
(G14) Ga(CH3); + H- — Ga(CH3), + CHq4 (S14) CH; - + Hi; — CHy4 + Sg
(G15) Ga(CH3),; + H- — Ga(CH3) + CH, (S15) CH; - +H}, — CH4 + Sa
(G16) Ga(CH;),; + CH3- — Ga(CH;3)CH; + CH4 (S16) H -+ (CH) — CHs + Sg
(G17) Ga(CH3;)CH; + H- — Ga(CHj3), (S17) H -+ (CHj3)} — CH4 + Sa

(S18) HE + (CH)X — CHs + Sa + S

(S19) H} + (CH)E — CH4 4+ Sa + Sg

(S20) H) + H; = Hy + SA + S

(S21) (CH3)3 + (CH3)§ — CyHe + Sa + Sg
(822) GaCH;} + AsH* — GaAs + CH4 + Sa + Sg
(S23) AsH* + AsH* — As, + H, + 2Sa

(S24) CH; - + AsH* — As* + CH,

(825) As* + As* — As, + 25,4

(S26) GaCH;} + As* — GaAs + CH; - +Sg + Sa




In(CH,)
: O/g\Aj - CH,
H, /g
o©
zabudovani desorpce
% S adsorpce do mfizky
@
2, @
o . disociace 50O povrchova difive
O‘O difuze
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Nutna podminka pro uspésny epitaxni rust je mfizkové
kompatibilni podlozka! Jinak vzniknou dislokace, ktere
jsou jeste horsi nez bodove poruchy.

Je to problem i pro jednoduché sobe podobne

krystalografické mrizky (GaAs/AlAs rozdil jen 0,1 %;
InNAs/GaAs—7%.

Tenke vrstvy, tak

Self-assembled quantum dots

_ elastic strain ¢ @ Defa‘fﬁi?"”_i”acuum
asi do 20nm, relaxation ey 3’3% 00 g UlaHony
o 999900009
pripravit |ze — »0-0-6-0-9
napnou se ale P
nerelaxuji do
dislokaci. Stranski Krastanov growth
&3 bmdge sl band gap.
e.g.. 3i, GaAs, GalnP e.g.: Ge, InAs, InP

mmp Perfect crystallinity of quantum dots (not possible with top-down technology)



Pro velmi ruzné materialy je to problém veliky a dlouho
se zdalo, ze neresitelny.

Priklad — GaN na safirove (Al,O;) podlozce:

GaN[12 10]

; H)f/’\ )\r—\ Sapphire[ 1 10 0]
' ®

. 1 . | GaN[1010]_
s v S ’./(_J Sapphire[1 12 0]
H-H"'\-\. I"\-\. r'Il -
L g R N '
{_!_ ______ -.'H"'. L Al
e bt
® . e O N

Pl & i -
" ; \ ,-h_j]' GaM cell
AH:*"‘»H :_,f""af ~.0 > - — — Sapphire cell
SO RO

GaN krystal/vrstva je otoCena o 30° vudi safirové
podloZce. Nepfizpusobeni krystali 15 %!
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ProC se nepouzila GaN podlozka”? Jako v pfipade
struktur zalozenych na GaAs, InAs, GaSb, Si, Ge, ...

Monokrystalické GaN substraty byly dlouho
nedostupne (vysoka teplota tani, vysoky tlak dusiku
nad taveninou,...), ted jiz eX|stu1| ale jsou drahé, malo
kvalitni a relativné malé.

Safir je mnohem
dostupnejsi.
Pouziva se i SIiC
Si, ZnO a dalsi.
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Ale vrstvy jsou Spatneé:

(a)

,Nobelovskym trikem" je Ize zlepsit:




In 1981 Akasaki started a fresh growth of GaN by MOVPE at
Nagoya University, and in 1985 he and his group succeeded in
growing high-quality GaN on sapphire substrate by pioneering
the low-temperature (LT) buffer layer technology.911

This high-quality GaN enabled them to discover p-type
GaN by doping with magnesium (Mg) and subsequent
activation by electron irradiation (1989), to produce the first
GaN p-n junction blue/UV LED(1989), and to achieve
conductivity control of n-type GaN (1990)"2! and related alloys
(1991)3l by doping with silicon (Si), enabling the use of hetero
structures and multiple quantum wells in the design and
structure of more efficient p-n junction light emitting structures.
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ResSeni problému P-typové dotace atomy Mg — zihani.

f

CB
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Soucasné problémy a vyzvy v oboru LED a LD:
m UV laser a dioda (zvySeni intenzity svétla, p-typové dopovani).
m Zeleny laser (piezoelektrické pole, vysoka koncentrace In).
m Vysokovykonove HEMTy.
m Rust na velkych podlozkach Si(111).

m Kompenzace/vyuziti piezoelektrického pole.
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a- lattice constant, A Wavelength (nm)
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Polarni a nepolarni sméry rustu — silné piezoelektrické pole — problém

Polar =

c-plane 4C

 Nonpolar (Semipolar)

Efficiani
Recombination
[20-21] "

D
Ak} | IEERE
‘J:"




Ceska stopa, co bylo u nas?

Short Notea K71

paturally with the explanation offered above. We expect that

more atoms will migrate to interestitial sites from certain

planes of the surface layers than from the others., In fact,

the migration is likely to depend on the surface energy, clea-

vage and other properties of the various planes. An extension

of the macroscopic measurements right upto the melting point

of the crystal is likely to throw more light on the matter.
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Fhysikaliasches Institut der Techechoslowakischen Akedemie der
Wissenschaften, Frag
Herstellung diinner Schichten von Aluminium-, Gallium- gowie
Indiumnitrid unter einer Gasentladung
Von
J. PASTRNAK und L. SOUEKOVA
Wihrend die Elgenschaften der meisten Stoffe vom Typ

ATV ausfiihrlich untersucht wurden, ist iiber die Nitride
wie AIN, GaN sowie InN (1 bis 7) nur sehr wenig bekannt,

¥T* W= MOVPE laboratory, Institute of Physics ASCR, V.v.i.
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phys. stat. sol. 9, K73 (1965)
Physikalisches Institut der Ischechoslowakischen Akademie
der Wissenschaften, Prag
itaktisches Aufwachsen von A1N-Schichten auf SiC— und Si-
Binlristallen in der Gasentladung
Von
J. PASTRNAR und L. ROSKOVCOVA
In Arbeit (1) wurde eine Herstellungsweise von AlN-Schich-

ten auf Grund der Reaktion Alr.'l3 + N—=AIN + %012 in der Gas-
phase beschrieben, wobei die Reaktion in der Entladung in
Stickstoff bei einer Temperatur von 1000 bis 1100 o verlief.
Bs wurde nun die MBglichkeit eines orientierten epitaktischen
Aufwachsens von AN auf einer geeigneten Kristallunterlage
untersucht., Bs liegt heute eine groBe Anzahl von Arbeiten (2)
iver die Faktoren, die das Aufwachsen von EKristallen auf einer
Fremdunterlage beeinflussen, vor. Als am besten geeignetes
Material, das die Bedingungen fiir ein orientiertes Aufwachsen
von AlN erfiillt, wurde Si1C und Si ausgewihlt, zu Kontroll-
gwecken wurden ebenfalls Korundeinkristalle verwendet. Im
Falle von S5iC- und Aléoa-Einkristsllen wurde das Aufwachsen
von AlN-Schichten auf nattirlichen (00.1)-Eristallfllichen be-

LED "4V 4

Prvni prace na nitridovych polovodicCich ve Fyzikalnim
ustavu CSAV v 60. a 70. letech: J. Pastri
Souckova/Roskovcova, J. Rosa

ak, F. Karel, L.

Fyzikalni Ustav
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Kniha H. Morkoc (GaN bible 2013):
Nitride Semiconductors and Devices
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VétSina odkazu v kapitole o optickych vlastnostech
AIN je na prace vytvorené ve Fyzikalnim ustavu.
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LABONIT projekt za 50 MK& - 2015

MOVPE aparatura CC§ 3x2,
ktera bude instalovana ve FZU AVCR (snad v dubnu).

& Fyzikdlni dstav

>~ )AKademie véd CR,

¥l* Wz3 MOVPE laboratory, Institute of Physics ASCR, v.v.i.




LABONIT

CCS 3x2 FlipTop reaktor, ktery zaCne pracovat
ve FZU AVCR v zaii 2015

A

0" Waz MOVPE laboratory, Institute of Physics ASCR, v.v.i. @ ARALEINAYNEL,
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Polarizace v AllnGaN vrstvée na GaN

Ga-face N-face

Substrate Substrate

¥T* W= MOVPE laboratory, Institute of Physics ASCR, V.v.i.

o Fyzikalni Ustav

—
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Pripravujeme spoluprace s prumyslem

L

Prvni GaN vrstva pripravena na Si(111) v

Roznove p.R.
¥T* W= MOVPE laboratory, Institute of Physics ASCR, V.v.i.

@ Fyzikalni ustav

>~ )AKademie véd CR, v




Vysokovykonove tranzistory

Source Gate

—

Drain

n-AlGaN

GaN

SIiC Substrate

_SiN_ [

] n-GaN s

SO0 &+ © 00008

.
channel

¥l W22 MOVPE laboratory, Institute of Physics ASCR, v.v.i.

! Fyzikalni ustav

>~ )AKademie véd CR,




Scintilatorova struktura

¥l W22 MOVPE laboratory, Institute of Physics ASCR, v.v.i.

-

o Fyzikalni Ustav
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Soucasny vyzkum ve Fyzikalnim ustavu

c-direction

SiN, mask . 00015

. e . Tyto sloupecky jsou
Sapphie subsiate | pfipraveny na Si(111)

Signal A = InLens Date :3 Feb 2014
Photo No. = 7578 Time :15:16:45

, &
2 um EHT = 3.00 kv

|_| WD= 7.8mm

10 pm EHT = 3.00 kV Signal A = InLens Date :3 Feb 2014
WD = 9.1 mm Photo No. = 7543 Time :14:57:59

=

W W2 MOVPE laboratory, Institute of Physics ASCR, v.vi. ‘e BZALCUITNELN

~ )Akademie véd CR, v. v. i.
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Appendixes



m 'Kralovska Svédska akademie véd (Svedsky Kungliga
Vetenskapsakademien je jedna z kralovskych
akademiive Svédsku. Je to nezavisla nevladni védecka
organizace, jejimz cilem je podpora vedy, predevsim
prirodnich ved a matematiky.

m Akademii zalozili roku 1739 prirodovedec Carl Linng,
merkantilista Jonas Alstromer, inzenyr Marten Triewald a
politik Anders Johan von Hopken. Byla vytvorena po
vzoru britské Royal Society a francouzské Akademie
ved.

m Vybory Akademie mimo jiné vybiraji laureaty
mezinarodnich cen:

m Nobelova cena za fyziku chemii a ekonomii




m “{o the person who shall have made the most important
discovery or invention within the field of physics ..."
(Excerpt from the will of Alfred Nobel),

m Physics was the prize area which Alfred Nobel
mentioned first in his will. At the end of the nineteenth
century, many people considered physics as the
foremost of the sciences, and perhaps Nobel saw it this
way as well. His own research was also closely tied to
physics.
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m 3 Alfred Bernhard Nobel,

m (21.Fijna 1833 Stockholm — 10. prosince 1896 San
Remo) byl svedsky chemik, vynalezce dynamitu a diky
nemu byla pozdeji takeé zalozena Nobelova cena. Na
jeho pocest byl po nem pojmenovan chemicky
prvek nobelium.
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4 za presné optické pristroje 1907, prispévky k rozvoji
bezdratové telegrafie 1909, za objev automatickych regulatoru 1912,
zobrazovani trajektorii elektricky nabitych castic pomoci kondenzace
vihkosti 1927, za vynalez cyklotronu 1937, za vynalez pristroje pro
vytvoreni extremné vysokeho tlaku 1946, za rozvoj Wilsonovy
metody mizné komory 1948, za vyvoj fotografické metody 1950, za
objev fazove kontrastni metody, zejména za vynalez fazove
kontrastniho mikroskopu 1953, za vyzkum polovodicu a
objev franzistoroveho jevu 1956, za zasadni praci v elektronové optice
a za navrh prvniho elektronoveho mikroskopu a za navrh radkovaciho
tunelového mikroskopu 1986, za tekuté krystaly a polymery, za
vynalez a vyvoj ¢asticovych detektorl, zejména draténé komory 1992,
za zasadni praci v oboru informacni a telekomunikacni technologie,
za vyvoj heterogennich polovodiCovych struktur pouzivanych ve
vysokorychlostni elektronice a optoelektronice a za jeho podil na
vynalezu integrovaného obvodu 2000, za prulom v oblasti pfenosu
svétla v optickych vlaknech, za vynalez CCD a za objev grafenu 2010
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TBIEmIssion Over a Wide Spectral Range
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Conduction band
schematic of GalnAs/
AllnAs quantum cascade
laser lattice matched to
InP.
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schematic of laser
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Photograph of a self-
contained prototype quantum
cascade laser pointer
realised at CQD.

Demonstrated single mode
emission from quantum
cascade lasers spanning both
atmospheric windows.



