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» Generace svetla v polovodicCich, LED a lasery
o llI-V, nitridy

* GaN

* generace modrého svetla:

Nobelova cena za fyziku 2014: Akasaki, Amano, Nakamura

» bile” svetlo

« u€innost zdroju svétla



Elektromagnetické spektrum, svétlo
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Termalni zdroje svétla - chaoticky pohyb atomovych jader a elektront

rozhoduje teplota (povrch Slunce, vlakno zarovky, kosmickeé mikrovinné pozadi)

Spektralni hustota zafeni Cerného télesa (Planckiv zakon)
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Luminiscen¢ni dioda (LED, Light-Emitting Diode)

p-n pfechod v propustném sméru
excitace elektrickym polem, zafiva rekombinace
IR emise z GaAs pozorovana 1.1955 (R. Braunstein, RCA), pouzitelné diody ve VIS od r. 1962 (N. Holonyak, TI)
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http://en.wikipedia.org/wiki/File:PnJunction-LED-E.PNG

p-n ptechod polarizovany v propustném sméru, rekombinacni proud
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Luminiscenéni dioda (LED, Light-Emitting Diode)

Energie gapu v oblasti rekombinace excitovanych nosicu
(,,aktivni oblast®) je rozhodujici pro emisi

napf.

éervena AlGaAs, GaAsP

zluta AlGalnP, GaAsP

zelena GaP, AlGaP

modra InGaN

uv AIN, AlGaN, AlGalnN
,,bila‘ fialova nebo UV + luminifor

bé&Zné vykony v jednotkach W
zivotnost desitky let (pf1 malych proudech)


http://en.wikipedia.org/wiki/File:RBG-LED.jpg

Laserova dioda - aktivni oblast mezi zrcadly rezonatoru
emise koherentniho svétla, 1962 (R.N. Hall, GE)

schematicky fez strukturou

kovovy kontakt
o y p-typ, material B (velky gap), napi. GaAlAs

—  kvantova jama, materidl W (maly gap), napt. GaAs

.'."“'-\

n-typ, material B (velky gap) , napt. GaAlAs

substrat, n-typ
material B (velky gap)

kovovy kontakt

Stipané bocni plochy jsou rezonatorem
,,horizontalni kavita“
velka rozbihavost svazku (10-30°), kolimacéni cocka


http://en.wikipedia.org/wiki/File:Simple_qw_laser_diode.svg

Laserova struktura s kvantovymi teCkami

« Aktivni trojita vrstva v opticke kavité
» Integrovany rezonator s Braggovskymi zrcadly
* Extrémné maly prahovy proud, velika a¢innost
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Elektronove stavy v krystalech
doping, pfesuny elektront a dér elektrickym polem
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BAND GAP (eV)
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piidavek GaAsN a InAsN

Lattice Constant (A) at 300k

Variation of bandgap/wavelength and lattice constant with composition. Points represent binaries; lines ternaries; areas between lines
quarternaries. InGaAsP can reach the 1.3pm and 1.55 pm fibre transmission wavelengths lattice matched on InP but not on GaAs
(whereas InGaAsN on GaAs can); for GaN-based compounds, add In for blue/green or Al for UV.
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LUMINOUS EFFICIENCY (Im/W)
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Hexagonalni GaN

(GaN)
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Blue LEDs - Filling the world with new light

Isamu Akasaki, Hiroshi Amano and Shuji Nakamura are rewarded for inventing a new energy-
efficient and environment-friendly light source - the blue light-emitting diode [LED). In the spirit of
Alfred Nobel, the Prize awards an invention of greatest benefit to mankind; by using blue LEDs, white
light can be created in a new way. With the advent of LED lamps we now have more long-lasting and
more efficient alternatives to older light sources.
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Scientific Background on the Nobel Prize in Physics 2014

EFFICIENT BLUE LIGHT-EMITTING DIODES LEADING
TO BRIGHT AND ENERGY-SAVING WHITE LIGHT SOURCES

compiled by the Class for Physics of the Royal Swedish Academy of Sciences



Akasaki a Amano 1992:

Kvalitni vrstvy GaN,
silngj$i emise svétla z GaN /AIN / Al,O; v elektronovém mikroskopu

Nakamura 1992:
,,hnizkoteplotni buffer GaN*“ + kvalitni vrstva za vyssich teplot

Vysvétleni efektivniho dopingu Mg pii1 ozareni elektrony v mikroskopu
(odstranéni H), ndhrada vhodnym zihanim



Gallium Nitride

GaN is a semiconductor of the III-V class, with Wurtzite crystal structure. It can be
grown on a substrate of sapphire (Alz03) or SiC, despite the difference in lattice
constants. GaN can be doped, e.g. with silicon to n-type and with magnesium to p-
type. Unfortunately, doping interferes with the growth process so that the GaN
becomes fragile. In general, defects in GaN crystals lead to good electron
conductivity, i.e. the material is naturally of n-type. GaN has a direct bandgap of
3.4 eV, corresponding to a wavelength in the ultraviolet.
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Fig. 3. Structure of a blue LED with a double heterojunction InGaN /AlGaN. From [39]

39.S. Nakamura, T. Mukai & M. Senoh, Appl. Phys. Lett. 64, 1687 (1994).



Shuji Nakamura

nar. 1954

Tokushima Univ.

1979-99 Nichia Chemical Ind., Ltd.
1999- UCSB




S. Nakamura - 1992— (WoS 2011: asi 500 praci, 18000 citaci)

2390 Appl. Phys, Lalt. 82 (19), 10 May 1993

High-power InGaN/GaN double-heterostructure violet light emitting diodes

Shuji Nakamura, Masayuki Senoh, and Takashi Mukai

Department of Research and Development, Nichia Chemical Industries, Lid., 491 Oka, Kaminaka, Anan,

Tokushima 774, Japan

(Received 2 November 1992; accepted for publication 15 February 1993)

InGaN/GaN double-heterostructure light-emitting diodes were fabricated. The output power
was 90 p'W and the external quantum efficiency was as high as 0.15% at a forward current of

0003-8951/93/192380-03506.00

& 1993 American Institute of Physics 2390

Forward Current (mA)

20 mA at room temperature. The peak wavelengths of the electroluminescence (EL) varied

between 411 and 420 nm with changes in the growth temperatures of an InGaN active layer
between 820 and 800 °C. The full widths at half maximum of EL were between 22 and 25 nm.

InGaN films were grown by the two-flow metalorganic
chemical vapor deposition (MOCVYD) method. Details of
the two-flow MOCVD are described in other papers.!*!6
Sapphire with (0001) orientation (C face) was used as a
substrate. Trimethylgallium (TMG), trimethylindium
{TMI), monosilane (SiH,), bis-cyclopentadienyl magne-
sium {Cp;Mg) and ammonia (NH;) were used as Ga, In,
Si, Mg, and N sources, respectively. First, the substrate
was heated to 1050 °C in a stream of hydrogen. Then, the
substrate temperature was lowered to 510°C to grow the
GaN buffer layer. The thickness of the GaN buffer laver
was approximately 250 A. Next, the substrate temperature
was elevated to 1020 °C to grow GaN films. During the
deposition, the flow rates of NH,, TMG, and SiH, (10
ppm SiH, in H;) in the main flow were maintained at 4.0
#/min, 50 pmol/min, and 10 nmol/min, respectively. The
flow rates of H; and N; in the subflow were both main-
tained at 10 ¢/min. The Si-doped GaN films were grown
for 60 min. The thickness of Si-doped GaN film was ap-
proximately 4 pm. After GaN growth, the temperature
was decreased to 800 °C, and the Si-doped InGaN film was

double-heterostructure blue LED.

grown for § min. During Si-doped InGaN deposition, the
flow rates of NH,, TMI, TMG, and S$iH, in the main flow
were maintained at 4.0 £/min, 24 pm/min, 1 pmol/min,
and | nmol/min, rcspectively. The thickness of the Si-
doped InGaN layer was approximately 100 A. After the
Si-doped InGalN growth, the temperature was increased to
1020°C to grow Mg-doped p-type GaN film. Mg-doped
p-type GaN film was grown for 15 min by introducing
Cp,Mg gas at the flow rate of 3.6 ymol/min. After the
growth, electron-beam irradiation was performed to obtain
a highly p-type GaN layer under the condition that the
accelerating voltage of incident electrons was kept at 15
kV. Fabrication of LED chips was accomplished as fol-
lows: the surface of the p-type GaN layer was partially
elched umtil the n-type layer was exposed. Next, an Au/Ni
contact was evaporated onto the p-type GaN layer and an
Al contact onto the »-type GaM layer. The wafer was cut
into a square shape (0.9 mm 0.9 mm). These chips were
set on the lead frame, and then were molded. The charac-
teristics of LEDs were measured under direct current (dc)
biased conditions at room temperature.

FIG. 3. The output power of the p-GaN/m-InGaN/n-GaN double-
heterostructure blue LED as a function of the forward current. The inset
shows the typical I-F characteristics of the p-GaN/n-InGaN/n-GaN



S. Nakamura

HONORS & AWARDS

1994, 1996 Nikkei BP Engineering Award

1994, 1997 Best Paper Award of Japanese Applied Physics Society
1995 Sakurai Award

1996 Nishina Memorial Award

1996 IEEE Lasers and Electro-Optics Society Engineering Achievement Award
1996 Society for Information Display (SID) Special Recognition Award
1997 Okochi Memorial Award

1997 Materials Research Society (MRS) Medal Award

1998 Innovation in Real Materials (IRM) Award

1998 C&C Award

1998 IEEE Jack A. Morton Award

1998 British Rank Prize

1999 Julius-Springer Prize for Applied Physics

2000 Takayanagi Award

2000 Carl Zeiss Research Award



HONORS & AWARDS (Continued)

2000 Honda Award

2000 Crystal Growth and Crystal Technology Award

2001 Asahi Award

2001 Cree Professor in Solid State Lighting and Display Endowed Chair

2001 OSA Nick Holonyak Award

2001 LEOS Distinguished Lecturer Award

2002 IEEE/LEOS Quantum Electronics Award

2002 Recipient of the Franklin Institute’s 2002 Benjamin Franklin Medal in Engineering

2002 Takeda Award

2002 The Economist Innovation Award 2002 “No Boundaries”

2002 World Technology Award

2003 CompoundSemi Pioneer Award

2003 National Academy of Engineering Member

2003 Blue Spectrum Pioneer Awards

2004 The Society for Information Display Karl Ferdinand Braun Prize

2006 Global Innovation Leader Award, Optical Media Global Industry Awards

2006 Millennium Technology Prize

2007 Santa Barbara Region Chamber of Commerce Innovator of the Year Award

2007 Czochralski Award

2008 Japanese Science of Applied Physics (JSAP) Outstanding Paper Award for the “Demonstration of
Nonpolar m-Plane InGaN/GaN Laser Diode”

2008 The Prince of Asturias Award for Technical Scientific Research (The Prince of Asturias Foundation)

2009 Harvey Prize



New York Times:

Japanese Company to Pay Ex-Employee $8.1 Million for Invention
Published: January 12, 2005

TOKYO, Jan. 11 - The inventor of a revolutionary lighting technology has reluctantly
agreed to a record settlement from his former employer in a dispute that
challenged the idea that the fruits of the labor of Japanese workers belong only to
companies.

Shuji Nakamura, now a professor at the University of California, Santa Barbara, will
receive 840 million yen ($8.1 million) from his former employer, the Nichia
Corporation, for inventing blue-light-emitting diodes. Nichia secured lucrative
patents for Mr. Nakamura's invention, which allowed the creation of more vibrant
video billboards and traffic signal lights and helped lead to the development of
blue lasers, which are used in the latest DVVD players. His invention was also
useful in creating white-light-emitting diodes, which may someday replace
Incandescent bulbs as a source of indoor lighting.

Mr. Nakamura sued his former employer four years ago, seeking a share of the
royalties from his invention after the company gave him an award of 20,000 yen,
or less than $200, for his work.




Komerc¢ni tspéch - patentova ochrana

a2 United States Patent

Nakamura et al.

(10y Patent No.:
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{(54) NITRIDE SEMICONDUCTOR LIGHT-
EMITTING DEVICE

(75) Inventors: Shuji Nakamura, Tokushima (JP);
Shinichi Nagahama, Komatsushima
(JP); Naruhito Iwasa, Tokushima (JP);
Hiroyuki Kivoku, Tokushima-ken (JP)
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(65) Prior Publication Data
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Related U.S. Application Data
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UV + luminifor — bilé svétlo

Luminifory (,,phosphors‘) Nichia

[Exciations] [Applications]
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Luminifory (,.phosphors*) Nichia

Blue ZnS:Ag,Al B
CRT Phosphor Green ZnS:Cu,Al Cathode Ray Tube '}
Red Y,0,S:Eu

Blue (SrCaBaMg):(PO,);CIl:Eu

Green LaPO,:Ce, Th

Lamp Phosphor red v,0,Eu Fluorescent Lamp

White Ca;,(PO,)sFCI:Sb,Mn

Blue BaMgAl,,0,,:Eu

PDP Phosphor Green Zn,Si0,:Mn PDP

Red (Y,Gd)BO;:Eu




Vyrobeil LED

Nichia

Cree

OSRAM Opto
Philips Lumileds
Seoul Semiconductor
Toyoda Gosel




Spektralni charakteristiky ,,bilého* svétla : zarivky
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Spektralni charakteristiky ,,bileho* svétla : LED
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U¢innost LED:

Wallplug efficiency

1960 1970 1980 1990 2000 2010 2020

Fig. 4. Historical evolution of commercial LEDs. From [42]. PC-White stands for phosphor
converted white light, DH stands for double heterostructure. The wallplug efficiency is the
ratio between emitted light power and supplied electrical power.




Ucinnost generace ,,bilého* svétla:
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Zaver

Nitridové heterostruktury (aiGain)N

cekaji
s velkou pravdepodobnosti

opravdu svetlé zitrky



