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• 1907 – żółta elektroluminescencja SiC (Henry Joseph Round)

• 1936 – elektroluminescencja ZnS, George Destriau 

• Lata ‘50 pierwsze diody świecące (w podczerwieni) z GaAs – akronim Light Emitting Diode (LED),

• MASER (Microwave Amplification by the Stimulated Emission of Radiation) Charles H. Townes in 
1954. 

• 1960 LASER (rubin, Theodore Maiman) 1961 He-Ne (Ali Javan, William Bennet, and Donald Herriot)
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• 1907 – żółta elektroluminescencja SiC (Henry Joseph Round)

• 1936 – elektroluminescencja ZnS, George Destriau 
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• 1960 LASER (rubin, Theodore Maiman) 1961 He-Ne (Ali Javan, William Bennet, and Donald Herriot)

• 1962 Pierwsze diody laserowe GaAsP (Holonyak & Bevacqua) i GaAs (Robert Hall, Lincoln 
Laboratories) (pulsed,LN)

• Lata ’60 pierwsze diody świecące na czerwono z GaAsP/GaAs, a później GaAsP/GaP

• 1970 pierwszy laser cw RT (Zhores Alferov ZSRR, Hayashi and Panish, Bell Labs)

• Połowa lat ’70 diody z GaP (zielone). Czerwone + Zielone = Żółte

• Połowa lat ’80 diody z GaAlAsP (bardzo wydajne).

• Połowa lat ’90 diody z InGaAlP (jeszcze bardziej wydajne) czerwone, pomarańczowe, zielone i żółte.
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1977 – pierwsza rozmowa telefoniczna transmitowana 
świałowodem
1982 – Phillips and Sony rozpoczynają produkcje 
odtwarzaczy CD
1996-97 – technologia DVD 

Obecnie ponad 60% rynku laserów półprzewodnikowych to :
Lasery telekomunikacyjne: 1.55 µm
Lasery CD, DVD 790, 640 nm

5 mm

Czesław Skierbiszewski UNIPRESS
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May 19, 2005
World's First Blue LED Made with Zinc 
Oxide
A Japanese team led by Professor Masashi Kawasaki of the Tohoku University Institute 
for Materials Research announced it had successfully developed the world's first blue 
light-emitting diode (LED) made with low-cost zinc oxide in December 2004.

http://www.jetro.go.jp/en/market/trend/topic/2005_05_led.html
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• Połowa lat ’90 diody z InGaAlP (jeszcze bardziej wydajne) czerwone, pomarańczowe, zielone i żółte.

• 1993 Niebieskie diody Nichia (Nakamura)

• 1996 Niebieski laser Nichia (Nakamura) RT, pulsed 215 mW 

Nichia Chemical Industries 

http://nsr.mij.mrs.org/news/flash.html
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http://www.edisontechcenter.org/LED.html
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http://www.nobelprize.org/nobel_prizes/physics/laureates/2014/
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1970 - J. Pankove (RCA labs) odkrył, że GaN 
może eimitować niebieskie światło.

1989 - I. Akasaki & H. Amano (Matsushita, 
Nagoya University) 
- domieszkowanie na typ p GaN (z Mg), 
- nieskotemperaturowa warstwa buforowa

1992-1996 - S. Nakamura  (Nichia) LEDs oraz LD z MOVPE
- „two-flow MOVPE process” do wzrostu warstw GaN
- wygrzewanie termiczne GaN:Mg

Trochę historii

01.12.2020 38



Why did you decide to use gallium nitride?

Nakamura: At that time, in 1989, there were two materials for 
making blue LEDs: zinc selenide (ZnSe) and gallium nitride (GaN). 
These had the right band gap energy for blue lasers. But everybody 
was working on zinc selenide because that was supposed to be 
much better. I thought about my past experience: if there’s a lot of 
competition, I cannot win. Only a small number of people at a few 
universities were working with gallium nitride so I figured I'd 
better work with that. Even if I succeeded in a making a blue LED 
using zinc selenide, I would lose out to the competition when it 
came to selling it.

Trochę historii
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You still weren't doing laser research?

Nakamura. Not yet. In 1985, I went to work on a gallium aluminum arsenide epitaxial wafer. This is 
also used for LEDs. It’s called an epitaxial wafer because you use very thin layers to make the LEDs. So I 
spent the next three years on that and came out with these gallium aluminum wafers for red and 
infrared LEDs, but the same thing happened: Our sales were not good because the bigger companies 
were already selling the same product by the time I was. The quality of our LEDs and epitaxial wafers 
was just as good and the prices were the same, but our company was small and local and couldn’t 
compete. So once again my company was not happy.

By this time the R&D department was down to just me-the other two people left because the results 
were so terrrible. I kept at it, but I was dispirited. For ten years I had worked very hard to make these 
products. I worked twelve hours a day, seven days a week, except holidays. I had a very, very small 
budget and had to make everything I needed myself. I even made my own reactors- the furnaces 
needed to do the crystal work. The commercial reactors were too expensive. I made three products all 
by myself, and still my salary and position were not good at the company. My bosses always complained 
that my results were terrible, because I spent a lot of money, as far as they were concerned, and 
nothing sold. But for ten years I had been working to make these LED materials and I knew at the time 
there were no high-brightness blue LEDs. For LED researchers, this was a dream. But my bosses said it 
would be impossible to create a blue LED at Nichia, because many big companies and many research 
teams in big universities were trying to do it and were failing. So I went to went to my company’s 
chairman, Nobuo Ogawa, who was my professor’s friend, and the president Eji Ogawa, who was his son-
in-law. I asked them if they would let me do research on blue LEDs and they said "Sure. No problem. 
Go ahead." I was very surprised. I asked them to give me a large budget so I could do it. "Please give 
me three million U.S. dollars," and they said "Sure. No problem." They had faith in me because, 
despite the dismal sales, I had developed three new products for this company and I was the only one at 
Nichia who had succeeded in making new products.

http://www.sciencewatch.com/jan-feb2000/

GaP, GaAs
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1992-1996
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Lateral epitaxial overgrowth (LEO)
ELO
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http://195.117.188.199/rozdzial_1_12.htm
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Wiki

Trójchromatyczne składowe widmowe
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http://www.handprint.com/HP/WCL/color6.html
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Enchroma glasss
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Kolory CIE (1931) – przestrzeń barw 
𝐿 𝜆 = 𝑍′𝒁 + 𝑌′𝒀 + 𝑋′𝑿

𝑥 =
𝑋′

𝑋′ + 𝑌′ + 𝑍′

𝑦 =
𝑌′

𝑋′ + 𝑌′ + 𝑍′

𝑧 =
𝑍′

𝑋′ + 𝑌′ + 𝑍′
= 1 − 𝑥 − 𝑦

Tylko dwie zmienne (𝑥 i 𝑦) są niezależne, 
więc wykres 2D wystarcza do 
reprezentowania wszystkich barw w tzw. 
Współrzędnych trójchromatycznych
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https://en.wikipedia.org/wiki/SRGB#/media/File:CIE1931xy_gamut_comparison.svg

https://en.wikipedia.org/wiki/Impossible_color

https://en.wikipedia.org/wiki/SRGB#/media/File:CIE1931xy_gamut_comparison.svg
https://en.wikipedia.org/wiki/Impossible_color
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CES 2013
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2019
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Philips

Studnia kwantowa
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Żarówka 15-20 lumenów/watt (standardowa 100W – 17 lumenów/watt)
Halogen 20 lumenów/watt
Świetlówka 60-110 lumenów/watt
Świetlówki kompaktowe 45-60 lumenów/watt

Biała dioda: typowo 20-50 lumenów/watt, rekord z 2005r. 130 lumenów/watt!

http://www.otherpower.com/otherpower_lighting.html
http://www.theinquirer.net/?article=27731

Biel, Biel i jeszcze raz biel!
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The history of luminous efficacy in different types of lighting shows 
the rapid improvements in white LEDs. The years in which the 
white light sources were developed are also shown. Credit: Yukio 
Narukawa, et al.

Read more at: http://phys.org/news202453100.html#jCp

h
tt

p
:/

/p
h

ys
.o

rg
/n

ew
s2

0
2

4
5

3
1

0
0

.h
tm

l

http://phys.org/news202453100.html#jCp


Trochę historii 

01.12.2020 76

h
tt

p
:/

/p
h

ys
.o

rg
/n

ew
s2

0
2

4
5

3
1

0
0

.h
tm

l



Trochę historii 

01.12.2020 77
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„Biała dioda”
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Photon Recycling
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http://www.treehugger.com/files/lighting/

Philips
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http://www.treehugger.com/files/lighting/

Forever Flashlights.

Biel, Biel i jeszcze raz biel!

01.12.2020 83



Philips
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http://www.albeotech.com/

http://www.albeotech.com/

http://www.lc-led.com/
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Art. Lebedev Studio 

http://www.universaldisplay.com/foled.htm

Courtesy of Sony Corporation. Courtesy of Samsung SDI.

http://www.universaldisplay.com/active.htm

OLED
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• LCD
• Liquid Crystal on Silicon

Projektory
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• LCD
• Liquid Crystal on Silicon
• Microelectromechanical Systems (MEMS)

• Digital Micromirror Devices (DMD) = Digital Light 
Processing (DLP), (1000:1, BENQ 10000:1)
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LCD DMD

• LCD
• Liquid Crystal on Silicon
• Microelectromechanical Systems (MEMS)

• Digital Micromirror Devices (DMD) = Digital Light
Processing (DLP), (1000:1, BENQ 10000:1)



http://www.laseronics.com/

http://www.symbol.com/

http://www.spacelaser.com/laser/

Lasery
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3 lasery!

• LCD (1000:1)
• Liquid Crystal on Silicon
• Microelectromechanical Systems (MEMS)

• Digital Micromirror Devices (DMD) = Digital Light 
Processing (DLP), (3000:1, BenQ 10000:1)

• Grating Light Valves (GLV) (Sony 4000:1)
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http://www.engadget.com/tag/TexasInstruments/

Now that we have email, internet, TV, GPS, cameras, and 
satellite radio on our cellphones, our next wish is for 
bigger, higher resolution screens -- which seems 
paradoxical, because larger displays almost always mean 
bulkier devices. Well Texas Instruments thinks it'll soon 
be able to nullify this trade-off with an in-handset 
projector that we've heard about several times before, 
but last night's Pepcom event in New York was the first 
time we've been able to peep the technology up close. 
Not that the TI reps made it easy to do so: the prototype 
unit was in a locked metal case underneath the table, 
and we had to swear up and down that we saw Walt 
Mossberg getting a demo before they'd cough it up. As 
you can see, the reason they want to keep this under 
wraps for the time being is that the quality and 
brightness are certainly not ready for prime time yet; 
while the unit we saw used lasers as the light source, 
we're told that an LED-based model still in the lab offers 
significant improvements. Keep reading for more shots of 
this rare prototype -- along with a video courtesy of 
Popular Science -- and give yourself a few moments to 
bask in the future before returning to the stark reality of 
your own phone and its dim little QQVGA action... 

Hands-on with Texas Instruments' cellphone projector

Posted Sep 20th 2007 12:15PM by Evan Blass

Filed under: Cellphones, Displays, Features

Laser TV
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http://www.engadget.com/2007/03/27/ti-showcases-diminutive-dlp-pico-projector/
http://www.engadgetmobile.com/2007/01/10/ti-pushing-to-get-dlp-in-your-cellphone-local-cinema/
http://popsci.typepad.com/popsci/2007/09/dont-publish-a-.html
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Zapis o dużej gęstości: CD,  DVD, Blu-ray

0.8 GB 4.7 - 9 GB 24 - 50 GB

Czesław Skierbiszewski UNIPRESS



Niebieskość 405 nm
• Drukowanie: drukarka laserowa 600 dpi drukująca 60 stron na minute (60 

ppm) korzysta obecnie z lasera 760 nm i systemu optycznego o aperturze 
6mm by uzyskać 35 µm FWHM. Dla wydruku 1200 dpi (17 µm FWHM) 
czerwony laser potrzebuje droższego i większego systemu optycznego o 
aperturze 12 mm i głębi ostrości jedynie 0.5mm (z taką precyzją względem 
papieru laser musi być ogniskowany). Laser GaN 390 nm może dać wydruk 
1200 dpi za pomocą systemu optyki 6mm i głębi ostrości 1mm.

• Do wydruku 60 ppm potrzeba laserów GaN 6 mW CW (większa moc 
umożliwia większe prędkości wydruku).

• Długośc fali powinna być >430 nm, żeby nie dopuścić do uszkodzenia 
(rozkładu) materiałów organicznych (plastików) używanych w budowe .
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Perowskity
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Dr Olga Malinkiewicz

Umowa, która została 
zawarta dzisiaj pomiędzy 
Saule Technologies, ARP 
Venture i japońskim 
inwestorem Hideo
Sawadą przybliża Polkę do 
skomercjalizowania 
pomysłu.
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German Advisory Council on Global Change
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Ziemskie źródła ropy naftowej są szacowne na 3 tryliony baryłek i zawierają 1.7 × 1022 J energii, 
którą Słońce dostarcza do Ziemi w 1,5 dnia. 

Ilość energii, którą ludzkość zużywa rocznie wynosi około 4.6 × 1020 J, Słońce dostarcza ją w 
ciągu godziny. 

Moc, która Słońce dostarcza ciągle do Ziemi, 1.2 × 105 TW, jest znacznie większa od wszystkich 
innych form energii. 

2020: Szacowane potrzeby ludzkości to 20 TW! 

Prof. M. Kamińska
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Słońce:

http://commons.wikimedia.org/wiki/File:Solar_Spectrum.png
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Prof. M. Kamińska

Obszar potrzebny do produkcji 20 TW w samej PV: 6 miejsc, każde 250 x 250 km2 produkujące 
3.3 TW 
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Prof. M. Kamińska

Obszar potrzebny do produkcji 20 TW w samej PV: 6 miejsc, każde 250 x 250 km2 produkujące 
3.3 TW 



Źródła energii

01.12.2020 111

Prof. M. Kamińska

Moc wytwórcza zainstalowanych urządzeń 
fotowoltaicznych na całym świecie do 2010 r. 
Całkowita moc osiągnęła 40 GW w 2010 r. 
ŹRÓDŁO: European Photonics Industry 
Consortium (EPIC) report, 2011. 
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Prof. M. Kamińska
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Pierwsze złącze komercyjne 
20% Mono-Si(100cm²) 

Prawo dla energii 
odnawialnych, Niemcy 

„Program dachowy dla domków 
prywatnych”, Japonia 

Pierwsze złącze laboratoryjne 
20% Mono- Si (4cm²) 

1990: 1/3 thin-film, c-Si, mc-Si 
2007: > 90% c-Si & mc-Si! 

Prof. M. Kamińska
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Prof. M. Kamińska

Krzywa cen modułów PV z krystalicznego krzemu 



http://www.nrel.gov/ncpv/images/efficiency_chart.jpg



https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20191106.pdf
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Metallurgical grade silicon is commercially 
prepared by the reaction of high-purity silica 
with wood, charcoal, and coal in an electric 
arc furnace using carbon electrodes. At 
temperatures over 1,900oC, the carbon in the 
aforementioned materials and the silicon 
undergo the chemical reaction: 
SiO2 + 2 C → Si + 2 CO. 
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Komórka fotowoltaiczna z monokrystalicznego Si 

Olmedilla, Spain
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http://microtec-career.com/wp-content/uploads/2012/10/Prof.-Dr.-Eicke-Weber-The-Fraunhofer-Institute-for-Solar-Energy-Systems-ISE.pdf
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http://microtec-career.com/wp-content/uploads/2012/10/Prof.-Dr.-Eicke-Weber-The-Fraunhofer-Institute-for-Solar-Energy-Systems-ISE.pdf
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http://photonics.com/Article.aspx?AID=35235
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http://spie.org/x41195.xml

Solar-cell-efficiency
enhancement using
nanostructures
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The Lycurgus Cup (glass; British 
Museum; 4th century A. D.)

Working monk, 1480, 
Norwich, Anglie.

Au hydrosols prepared by M. 
Faraday, 1857, Royal Institution.
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G. Walters et al. , J. Mater. Chem.2009 
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Jiří Pfleger Institute of Macromolecular 
Chemistry AS CR Prague, Czech Republic



http://www.daystartech.com/lightfoil.cfm

http://www.tfp.ethz.ch/HESC/HESC.html

Cu(In,Ga)Se2 (also called CIGS) compound semiconductor
solar electricity conversion efficiency of 12.8%  

Energia
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http://tessant.wpengine.netdna-cdn.com/wp-
content/uploads/2013/01/cigs-flexible.jpg
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Concentrator receivers from Solar Systems Pty. 
Ltd. of Hawthorn, Australia, are designed for 
utility application at 400× to 500×. Courtesy of 
Solar Systems Pty. Ltd., Australia.
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Dr. C. Gravalidis Aristotle University of Thessaloniki
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Bilayer organic photovoltaic cells

Problems
The diffusion length of excitons in organic 
electronic materials is typically on the order of 
10 nm. In order for most excitons to diffuse to 
the interface of layers and break up into 
carriers, the layer thickness should also be in 
the same range with the diffusion length. Dr. C. Gravalidis Aristotle University of Thessaloniki
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Bulk heterojunction photovoltaic cells

Electrons move to the acceptor domains then 
were carried through the device and collected 
by one electrode, and holes were pulled in the 
opposite direction and collected at the other 
side

Dr. C. Gravalidis Aristotle University of Thessaloniki



W latach 1975-1978, w zimnej przestrzenie międzygwiezdnej odkryto molekuły opisane 
formułą HC2n+1N (n = 2, 3, 4 i 5) 

W 1985 r. Richard Smalley, Harry Kroto i Bob Curl  odkryli fulereny (Nobel 1996)

P. Yam Świat Nauki 11, 16, 1993

60

Widmo masowe

Paweł Tomasz Pęczkowski

C2n, n≥16

OSC – Organic Solar Cells
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C60
0,71 ± 0,007 nm 

OSC – Organic Solar Cells
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Buckminster Fuller pour un exposition en 1967 à Montréal

OSC – Organic Solar Cells
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Roztwory w toluenie

OSC – Organic Solar Cells
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Dr. C. Gravalidis Aristotle University of Thessaloniki
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Bulk heterojunction photovoltaic cells

Electrons move to the acceptor domains then 
were carried through the device and collected 
by one electrode, and holes were pulled in the 
opposite direction and collected at the other 
side

Dr. C. Gravalidis Aristotle University of Thessaloniki
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Bulk heterojunction photovoltaic cells

Electrons move to the acceptor domains then 
were carried through the device and collected 
by one electrode, and holes were pulled in the 
opposite direction and collected at the other 
side

Dr. C. Gravalidis Aristotle University of Thessaloniki

X. Chen, B. Gholamkhass, X. Han, G. Vamvounis, S. Holdcroft
Macromol. Rapid Commun. 2007, 28, 1792–1797
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Dr. C. Gravalidis Aristotle University of Thessaloniki

X. Chen, B. Gholamkhass, X. Han, G. Vamvounis, S. Holdcroft
Macromol. Rapid Commun. 2007, 28, 1792–1797
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OPV – Organic Photovoltaic
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http://www.mpifr-bonn.mpg.de/1192452/Weber.pdf
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http://www.solarcurator.com/2013/05/23/power-of-concentration/
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http://pl.wikipedia.org/wiki/Silnik_Stirlinga
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Siła termoelektryczna

𝛼 𝑇 = −
𝑘𝐵
𝑞

𝜀𝜏

𝜏
− 𝜂

𝑑𝑉12
𝑑𝑇

= 𝛼𝑎𝑏 = 𝛼𝑎 − 𝛼𝑏

𝑉12 = න

𝑇1

𝑇2

𝛼𝑎𝑏 𝑇 𝑑𝑇

podczas pomiarów należy jeden materiał uznać 
za wzorcowy, i badać siłę termoelektryczną 
względem takiego wzorca (idealnie –
względem nadprzewodnika)

znak siły termoelektrycznej zależy od rodzaju 
nośników: dla elektronów 𝑞 < 0 i 𝛼 > 0 (znak 
zimnego końca – ujemny) ⇒ metoda gorącej 
sondy

𝑘𝐵
𝑒
= 85

𝜇𝑉

𝐾

siły termoelektryczne niezdegenerowanych 
półprzewodników są rzędu kilkuset μV/K 

Siła termoelektryczna (współczynnik Seebecka):
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Efekt Peltier

efekt odwrotny do efektu Seebecka –
powstawanie różnicy temperatury 
pomiędzy złączami a–b i b–a dwóch 
różnych materiałów przez które 
przepuszczany jest prąd elektryczny: 
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Przykład: poprzeczne i podłużne zjawisko Nernsta-Ettingshausena
(pole magnetyczne + gradient temperatury)

Istnieje szereg zjawisk termomagnetycznych (gradient temperatury, pole elektryczne, 
pole magnetyczne ⇒ możliwe przepływy prądu i ciepła); szczegóły – patrz np.: B.M. 
Askerov, „Electron transport phenomena in semiconductors”, World Scientific 1994 

𝐸𝑦 = 1
1

𝐵

𝑑𝑇

𝑑𝑥

𝑑𝑇

𝑑𝑦
= 𝑃𝐼𝑥𝐵𝑧

poprzeczne 

podłużny (zmiana siły termoelektrycznej 
w polu B) i poprzeczny efekt Nernsta-
Ettinghausena

podłużne



http://www.nrel.gov/ncpv/images/efficiency_chart.jpg
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http://www.nrel.gov/ncpv/images/efficiency_chart.jpg



https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20191106.pdf



https://www.nrel.gov/pv/cell-efficiency.html


