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» 2C/1L Optoelectronica OPTO
» Minim 7 prezente curs + laborator

» Curs - conf. Radu Damian
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> Joi 08(:10)-10:00, C1
- E-70% din nota (50%+20%)
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- probleme + (2p prez. curs)
- toate materialele permise

» Laborator - sl. Daniel Matasaru
>an IV uE

* Luni 18-20, Miercuri 11-15 par

- Max. 7 prezente
> L-30% din nota (+Caiet de laborator)




Cuprins

» Lumina ca unda electromagnetica* (ecuatiile lui Maxwell, ecuatia
undelor, parametrii de propagare)

» Elemente de fotometrie si radiometrie* (marimi energetice/luminoase)

» Fibra optica (realizare, principiu de functionare, atenuare, dispersie,
banda de frecventa)

» Cabluri optice (tehnologie, conectori, lipire - splice)

» Proiectare sistemica a legaturii pe fibra optica (banda de frecventa,
balanta puterilor)

» Emitatoare optice (LED si dioda laser - realizare fizica si functionare)

» Receptoare optice (dioda PIN, dioda cu avalansa - realizare fizica si
functionare)

» Amplificatoare transimpedanta (parametri, scheme tipice, TIA in bucla
deschisa, cu reactie, diferentiale, control automat al castigului)

» Realizarea circuitelor pentru controlul emitatoarelor optice (parametri,
scheme tipice, controlul puterii, multiplexoare)

» Dispozitive de captare a energiei solare (principiu de functionare,
utilizare, proiectare )

* _ VP
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Bonus

Disciplina: Optoelectronica, structuri, tehnologii, circuite
An: 2015/2016

Bonus-uri care se aplica la nota de la teza obtinute prin:
- prezenta la curs (0.5p / 3pr)

- 3 miniteste aplicate la curs (max. 3 X 1.5p)

- contributie la site rf-opto (foto <C5=1p, >C5=0.5p)
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2 NITA COSTEL-CATALIN 5307 4 0.5 1 1.5 =~

3 BARON BOGDAN-IONUT 5405 12 2 1 0.5 0.75 4.25 -
Prezenta Liste

Studenti care nu pot intra in examen
Bonus-Uri acumulate

» Minim 7 prezente
» 0.5p/3(2)prez

» 3 teste

» foto <C3/<C5




LED

Dioda electroluminescenta
Capitolul 7




Cuprins

» Lumina ca unda electromagnetica (ecuatiile lui Maxwell, ecuatia undelor,
parametrii de propagare)

» Elemente de fotometrie si radiometrie (marimi energetice/luminoase)

» Fibra optica (realizare, principiu de functionare, atenuare, dispersie,
banda de frecventa)

» Cabluri optice (tehnologie, conectori, lipire - splice)

» Proiectare sistemica a legaturii pe fibra optica (banda de frecventa,
balanta puterilor)

» Emitatoare optice (LED si dioda laser - realizare fizica si functionare)

» Receptoare optice (dioda PIN, dioda cu avalansa - realizare fizica si
functionare)

» Amplificatoare transimpedanta (parametri, scheme tipice, TIA in bucla
deschisa, cu reactie, diferentiale, control automat al castigului)

» Realizarea circuitelor pentru controlul emitatoarelor optice (parametri,
scheme tipice, controlul puterii, multiplexoare)

» Dispozitive de captare a energiei solare (principiu de functionare,
utilizare, proiectare )




LED - Principiul de operare

depletion zone
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LED cu heterojunctiuni - principiu

\

p-semiconductor - p-n junction region

p-InP — Heterojunctions

n-InGaAsP

n-semiconductor

» Structura de nivele
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Caracteristica de raspuns a
LED-urilor

» Caracteristica putere optica emisa functie de
curentul direct prin LED este liniara la nivele
mici ale curentului.

» Nu exista curent de prag

» La nivele foarte mari puterea optica se
satureaza Optical

power, B e . e
iy 8 . : . :
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Dioda Laser
Capitolul 8




Cuprins

» Lumina ca unda electromagnetica (ecuatiile lui Maxwell, ecuatia undelor,
parametrii de propagare)

» Elemente de fotometrie si radiometrie (marimi energetice/luminoase)

» Fibra optica (realizare, principiu de functionare, atenuare, dispersie,
banda de frecventa)

» Cabluri optice (tehnologie, conectori, lipire - splice)

» Proiectare sistemica a legaturii pe fibra optica (banda de frecventa,
balanta puterilor)

» Emitatoare optice (LED si dioda laser - realizare fizica si functionare)

» Receptoare optice (dioda PIN, dioda cu avalansa - realizare fizica si
functionare)

» Amplificatoare transimpedanta (parametri, scheme tipice, TIA in bucla
deschisa, cu reactie, diferentiale, control automat al castigului)

» Realizarea circuitelor pentru controlul emitatoarelor optice (parametri,
scheme tipice, controlul puterii, multiplexoare)

» Dispozitive de captare a energiei solare (principiu de functionare,
utilizare, proiectare )




Caracteristici dioda laser

» Avantaje

> Putere optica ridicata (50mW functionare continua, 4W
functionare in impulsuri)

> Precizie ridicata a controlului (impulsuri cu latimea de
ordinul fs - femptosecunde) - viteza mare de lucru

- Spectru ingust, teoretic LASER ofera o singura linie
spectrala

- Lumina coerenta si directiva (~80% poate fi cuplata in fibra)
» Dezavantaje

- Cost (dispozitiv si circuit de comanda: controlul puterii si al
temperaturii)

- Durata de viata
> Senzitivitate crescuta cu temperatura

- Modulatie analogica dificila (de obicei cu dispozitive
externe)

> Lungime de unda fixa




Dioda LASER - Principiu de operare

» LASER = Light Amplification by the Stimulated
Emission of Radiation = Amplificarea Luminii
prin Emisie Stimulata

» Un foton incident poate cauza prin absorbtie
tranzitia unui electron pe un nivel energetic
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Dioda LASER - Principiu de operare

» Emisia spontana - electronul trece in starea
energetica de echilibru emitand un foton

» Trecerea se realizeaza prin recombinarea unei

perechi electron-gol
» Directia si faza radiatiei emise sunt aleatoare

A
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Dioda LASER - Principiu de operare

» Emisia stimulata - un foton incident cu
energie corespunzatoare poate stimula emisia

unui al doilea foton fara a fi absorbit
» Noul foton are aceeasi directie si faza cu

fotonul incident, Lumina rezultata e coerenta

Electron energy
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Caracteristici curent tensiune

» Amorsarea emisiei stimulate necesita pomparea
unei anumite cantitati de energie - curent de prag

| <1, regimLED
ineficient!, P, =0
| > 1, regim LASER

AR, W
Al [ A

I:)o = r(l B Ith)
Apare saturare la nivele
mari de curent

Relative
output
power

'th
Laser drive current, /



Failure rate

(failures/time)
Degradare in timp
Irrrfgrnttolity
i . ] Time
» Cresterea curentului duce la scaderea duratei de viata
~ ] ml
z-I’T]

- n=1.5+2 (empiric)
o dublarea curentului duce la scaderea de 3-4 ori a duratei de viata
» Cresterea temperaturii duce la scaderea duratei de viata

__E/KT
T, ~ €

- E=0.3+0.95eV (valoarea tipica in teste 0.7eV)
- cresterea temperaturii cu 10 grade injumatateste durata de viata




Parametri

» Coerenta radiatiei emise
o LED: t. = 0.5ps, L. = 15um
- LASER : t_. = 0.5ns, L. = 15cm
2
=C-t, :ﬁ
AA
» Stabilitatea frecventei
- detectie necoerenta (modulatie in amplitudine)
> mai ales in sistemele multicanal
» Timpul de raspuns

» Viteza, interval de reglaj

L

C




Eficienta

» eficienta de conversie electro-optic
(randament)

_ P,loptic) P, Nr-(lf—lth)

P, (electric) V, -1, VI,
» tipic, randamente sub 10% sunt intalnite

» eficienta cuantica
o nterna
o externa




1550nm DFB Laser

> Mechanical Drawing Pin out
All units in mm Pin |Description
3000 —= :
- 26.00 — 1 Thermistor
: 2 | Thermistor
41— PIN 1 :
3 | Laser Cathode (Bias)
4 | Monitor PD Anode
O S
e 5 | Monitor PD Cathode
'+
®, 6 |TEC
L 4XR1.35 7 | TEC-
- 27.09
8 | Case GND. Laser Anode
T PIN14 9 | Case GND. Laser Anode
]:'::’1_ 10 | Case GND. Laser Anode
A LY, . -
949 — 544 — bL-39 0.75 —4 611 — 1L | Ghse GND, Lasersiniode
12 | Laser Cathode (modulation)
13 | Case GND. Laser Anode

[
=

Case GND. Laser Anode




1550nm DFB Laser
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1550nm MQW Laser

1.0 meter nominal fiber length
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[15.2]

+ r
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ST Connector

SCConnector
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Note: Connectors are not drawn to scale.



1550nm MQW Laser

Typical Laser Characteristics

Output Power (mW)
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EDFA

» Erbium Dopped Fiber Amplifier

Input signal Amplified
1530nm - 1570nm  increasing signal level —  output signal
— . —
980 nm
/ or T
1490 nm
Power Fibre containing
laser erbium dopant

(pump)




EDFA
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EDFA
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l15/2
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800 nm




EDFA

How to think of an EDFA

Reservoir, r = total # excited ions

Pump
Photons In
A’ om_/‘\w. @]
Signal Signal
Photons Photons
In Out

20.0

50,0+

40.0 1

20.0 1

15320 1533 1540 1343 1530 1555 1560 1365




Amplificator cu efect Raman

» Bazat pe efect Raman

Signal/Pump Light

Pd‘\"f'\"/e.r“.transfer bySRS

a A N ‘A
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Wavelength Shift 1310 nm
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Utilizare amplificatoare optice

standard
fiber

Transmit

pulse

Dispersion

standard
fiber

standard
fiber

DCM = Dispersion compensating
module




/W 980 nm Multimode Pump Laser
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600mW 980 nm Singlemode Pump
Laser
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6 W, CW, 800nm

[N

C-Mount Package 9mm Package

0250 0235
——1 pr——
16.35] [8.51]
[g:gggl —| 0.20[5.1] }=— 0.354Nom.[9.0] —]
0.354+0.00/-0.001
T Laser Emission — - 0.06[15] _'[_9.00+0.00/-0.025]
. l ' within @0.010 of
* Package Axis 0.150 +0.005

f

[3.81+0.13]
(Laser Source to Base)
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78n oo /' 0295 i
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q [@4.45x1.17]




6 W, CW, 800nm

Typical L/I, V/I Gra
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CW Laser, 650 nm

1 mim

LD Pin

.lu‘:“"._ﬂt

Closeup of Typical Laser Diode




Lungimi de unda

» 405 nm - InGaN blue-violet laser, in Blu-ray Disc and HD DVD drives

»  445-465 nm - InGaN blue laser multimode diode recently introduced (2010) for use in mercury-free high-
brightness data projectors

»  510-525 nm - Green diodes recently (2010) developed by Nichia and OSRAM for laser projectors.
» 635 nm - AlGalnP better red laser pointers, same power subjectively twice as bright as 650 nm

»  650-660 nm - GalnP/AlGalnP CDDVD, cheap red laser pointers

>

670 nm - AlGalnP bar code readers, first diode laser pointers (now obsolete, replaced by brighter 650 nm and
671 nm DPSS)

» 760 nm - AlGalnP gas sensing: O,
» 785 nm - GaAlAs Compact Disc drives

> I808 n)m - GaAlAs pumps in DPSS Nd:YAG lasers (e.g., in green laser pointers or as arrays in higher-powered
asers

» 848 nm - laser mice
» 980 nm - InGaAs pump for optical amplifiers, for Yb:YAG DPSS lasers
» 1,064 nm - AlGaAs fiber-optic communication, DPSS laser pump frequency
» 1,310 nm - InGaAsP, InGaAsN fiber-optic communication

» 1,480 nm - InGaAsP pump for optical amplifiers

» 1,512 nm - InGaAsP gas sensing: NH;

» 1,550 nm - InGaAsP, InGaAsNSb fiber-optic communication

» 1,625 nm - InGaAsP fiber-optic communication, service channel
» 1,654 nm - InGaAsP gas sensing: CH,

» 1,877 nm - GalnAsSb gas sensing: H,O

» 2,004 nm - GalnAsSb gas sensing: CO,

» 2,330 nm - GalnAsSb gas sensing: CO

» 2,680 nm - GalnAsSb gas sensing: CO,

» 3,030 nm - GalnAsSb gas sensing: C,H,

14

3,330 nm - GalnAsSb gas sensing: CH,




1550nm DFB Laser

> Mechanical Drawing Pin out
All units in mm Pin |Description
3000 —= :
- 26.00 — 1 Thermistor
: 2 | Thermistor
41— PIN 1 :
3 | Laser Cathode (Bias)
4 | Monitor PD Anode
O S
e 5 | Monitor PD Cathode
'+
®, 6 |TEC
L 4XR1.35 7 | TEC-
- 27.09
8 | Case GND. Laser Anode
T PIN14 9 | Case GND. Laser Anode
]:'::’1_ 10 | Case GND. Laser Anode
A LY, . -
949 — 544 — bL-39 0.75 —4 611 — 1L | Ghse GND, Lasersiniode
12 | Laser Cathode (modulation)
13 | Case GND. Laser Anode
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Case GND. Laser Anode




Control dioda LASER

Laser | i  Monitor
:  Photodicde

+ 5V

Amplifier
Control putere optica

Cooler +

Control temperatura o




Dioda LASER

» Ca si in cazul LED, pentru DL intensitatea
luminoasa emisa este o functie de curentul
prin dioda
- aproape exclusiv, DL sunt controlate in curent

> controlul in curent are avantajul unei viteze mai
mari de lucru

Laser

Diode ¥ %
U=~




Dioda LASER

» Cerinte pentru driver-ele de diode laser

> viteza mare de basculare pentru minimizarea
interferentei intersimbol

> curent mare de iesire
> capacitatea de a rezista la variatiile de tensiune pe
dioda Laser
» Cerintele sunt dificil de respectat deoarece
sunt contradictorii

> viteza mare presupune micsorarea dimensiunii
componentelor

> micsorarea dimensiunii
- scade tensiunea de strapungere
- scade capabilitatea de curent/putere disipata




Caracteristici driver-e DL

» Viteza

> caracterizata de timpii de crestere si de cadere
> suma acestora trebuie sa fie mult mai mica decat
perioada de bit la viteza nominala de lucru

» Testarea vitezei de lucru

> standardizata

- “eye diagram”

...........

Horizontal .
- Opening

(a)

Vertical
Opening

—LD__[>}
o | ®

Filter

-

}



Caracteristici driver-e DL

» Curent de iesire

- laserele trebuie polarizate in vecinatatea pragului,
astfel incat o mica variatie de curent sa poata
deschide dioda

- driver-ele de DL trebuie sa poata furniza:

- un curent de “polarizare”
- un curent de “modulatie”

> Curentul de “polarizare” (~ de prag) variaza cu

temperatura si varsta diodei extrem de mult

> Curentul de “modulatie” (semnal) nu depinde de
aceste elemente deoarece pentru DL

- pragul depinde de temperatura si varsta | =
* panta este aproximativ constanta




Caracteristici driver-e DL

» Variatii de tensiune pe dioda LASER

> generate de variatiile mari de curent si rezistenta
interna a diodei

" . VbD"_"VTH' .
—I' L Vop- (Vp +1Rp)




Caracteristici driver-e DL

» Impedante de intrare si iesire

» Se lucreaza la viteze mari (1Gb/s, 10Gb/s)

- se aplica considerente de proiectare a circuitelor de
microunde

> Intrarea in amplificator are tipic o impedanta de 50Q
- lesirea trebuie adaptata la impedanta diodei Laser

- daca aceasta impedanta e prea mica, se creste la valori
adecvate (~25Q) prin introducerea unui rezistor in serie




Principii de proiectare

» Tipic etajul de iesire se realizeaza diferential

Vop1

; Vop2



Principii de proiectare

» La viteze mari se utilizeaza tipic tranzistoare
unipolare si etajul diferential se realizeaza
simetric

Vopo




Controlul puterii in DL

» Necesar datorita variatiei curentului de
“polarizare”

Laser —_{  Monitor
Diode™~_ . Photodiode
= Ny gat

Amplifier "




Controlul puterii in DL

» circuitul RC din schema de reglaj a curentului
de polarizare realizeaza o flltrare trece sus a

semnalului __ Laser 5 __ | Monitor
Dlode\ i Photodiode

= szztf

Amplifier "




Controlul puterii in DL

» La frecvente prea mici de lucru bucla de reatie
e suficient de rapida pentru a urmari si anula
curentul de semnal

Laser __ Monitor
Diode\\:. . Photodiode

-------

E—‘ Ip p R
Vm‘:’_";M1 M2 I—| g E::

Cy

= = Error
Amplifier




Controlul puterii in DL

» Bucla de reactie are efect si in cazul unei suite
lungi de biti 1 transmisi
> In acest caz, la limita curentul emis de dioda laser in
starea OFF ajunge jumatate din curentul corespunzator
starii ON
- Capacitatea de filtrare din bucla trebuie aleasa mare
pentru a minimiza acest efect

- daca valoarea e prea ridicata e necesara o capacitate
externa circuitului integrat

Vi




Fotodioda

Capitolul 9



Cuprins

» Lumina ca unda electromagnetica (ecuatiile lui Maxwell, ecuatia undelor,
parametrii de propagare)

» Elemente de fotometrie si radiometrie (marimi energetice/luminoase)

» Fibra optica (realizare, principiu de functionare, atenuare, dispersie,
banda de frecventa)

» Cabluri optice (tehnologie, conectori, lipire - splice)

» Proiectare sistemica a legaturii pe fibra optica (banda de frecventa,
balanta puterilor)

» Emitatoare optice (LED si dioda laser - realizare fizica si functionare)

» Receptoare optice (dioda PIN, dioda cu avalansa - realizare fizica si
functionare)

» Amplificatoare transimpedanta (parametri, scheme tipice, TIA in bucla
deschisa, cu reactie, diferentiale, control automat al castigului)

» Realizarea circuitelor pentru controlul emitatoarelor optice (parametri,
scheme tipice, controlul puterii, multiplexoare)

» Dispozitive de captare a energiei solare (principiu de functionare,
utilizare, proiectare )




Detectori optici

» Cerinte
- eficienta crescuta a conversiei optic/electric
zgomot redus
raspuns uniform la diferite lungimi de unda
viteza de raspuns ridicata
liniaritate
» Principii de operare
- fotoconductori R=R(P,)
0 fototr_an2|stor| Iz =15(P)
- fotodiode 1=1(P,)
. pn
* pin
- pin cu multiplicare in avalansa
- Schottky

(¢]

(¢]

(¢]

o



Fotoconductori

» Principiu
. Electrical contact Electrical contact

Undoped N
Albng Eaalcn I Semiconductor Material

Photon absorption causes g R
creation of free electron and
hole

»
+ I Semiconductor o
|| |- Material Metal

Contacts

» Recent dispozitive Metal Semiconductor Metal
(filtru interdigital) au inceput sa fie utilizate
pentru usurinta de fabricare si integrare in
aplicatii mai putin pretentioase




Optocuploare

» utilizate pentru a oferi izolare electrica intre
doua sectiuni ale unui circuit

> jzolarea portiunii de comanda si/sau masura de
partea de “forta” a circuitului

1

3

v==[

, =3 =)

Q

R —




Fotodioda - Principiul de operare

» Jonctiunea pn este
. . @—... og*‘?;T’ e ©ge—
nolarizata invers Pt o | | | e 2%
» Lumina este absorbita R

in regiunea golita de
purtatori, un foton

absorbit generand o
pereche electron-gol

» Sarcinile sunt separate de S >
campul electric existent in [ LA
regiunea golita si genereaza o N
- = D
e [ ;,. o

aaaaaaaaaaaa




Fotodioda - Principiul de operare

» Energia necesara pentru eliberarea unei

perechi electron gol

hv—E>E

> Lunglme de unda de taiere

hc
fmax =g
9

» Puterea optica absorbita in zona golita de
purtatori (w) aflata la o adincime d in
interiorul dispozitivului

P(w)=F e 4 fl—e ) (1-R, )




Fotodioda - Principiul de operare

» Coeficientul de absorbtie pentru materialele
uzuale "

» Valoarea mare a
coeficientului de absorbtie
la lungimi de unda reduse:
implica scaderea
responzivitatii

» Ca urmare comportarea R
tuturor materialelor este ™. 50550 600 200 7800 B0 BOo
de tip trece banda RS ()

m™)

(
3
(o))

Absorption coefficient




Materiale utilizate pentru fotodiode

A First optical Second optical Third optical
10 | window window window
) 850 nm 1310 nm 1550 nm
0.9 1 | | |
| | I
0.8 1 ! Germanium Ge ! :
g 07 7 I
<L : i Indium gallium arsenide
Z 06 - Silicon Si | InGaAs
=
o2
(=1
7 1]
@
o
Wavelength
— - [nm]




Fotodioda - Marimi caracteristice

» Eficienta cuantica - raportul dintre numarul
de perechi electron-gol generate si numarul
de fotoni incidenti

_ e
77__
N¢

» In unitatea de timp numarul de fotoni
depinde de puterea optica, iar numarul de
electroni impune curentul generat

e
~ P/hv

n

» Responzivitatea




Fotodiode - marlml caracteristice

1.0 s A T s 7,/ ........
: : Quantum:
: effucnency o. } / 0 7/

O
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I
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I
>
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~

Responsivity (A/W)
o
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0.2

7000 900 100 1300 1500 1700
Wavelength (nm)




Materiale utilizate pentru fotodiode

Material A [um] Responsivitate [A/W] | Viteza [ns] Curent de
intuneric

0.85 0.55
Si 0.65 0.4
InGaAs 1.3-1.6 0.95 0.2 3
Ge 1.55 0.9 3 66
» Dezavantajul major pentru
Ge este curentul de Gaas 1.43
- . GaSb 0.73
intuneric mare T — T
Ge 0.67
InAs 0.35
InP 1.35
In, 53Ga, 47AS 0.75
In, 14Ga, g6 AS 1.15

Si 1.14




Curent de intuneric

» Curentul invers al jonctiunii p—n, datorat
agitatiei termice, prezent in absenta
iluminarii

» Constituie o importanta sursa de zgomot
(limiteaza aplicatiile Ge)

B-KT

eRy

- B - coeficient de idealitate p=1+2

> Ry - rezistenta la intuneric a diodei (invers
proportionala cu aria diodei)

IDZISz




Fotodioda PIN

» Existenta campului electric in regiunea
golita de purtatori face ca eventualii
purtatori generati optic sa fie accelerati
spre terminale pentru constituirea
fotocurentului >

» Problemele utilizarii diodei pn
polarizate invers ca fotodetector sunt —

J AVAV

- RaVAY

Electric field strength

[ ]
co‘

) - |
@
=]

generate de adancimea extrem de mica s
a zonei golite (w)

» Puterea optica absorbita in interiorul acestei zone e in
consecinta redusa

» Purtatorii generati inafara zonei de golire ajung eventual
in zona golita si vor fi accelerati spre terminale, dar
viteza fenomenului este prea redusa pentru aplicatii in
comunicatii

P(w)=P e .[l-e W) (1-R, )




Fotodioda PIN

» Solutia consta in introducerea unui strat
foarte slab dopat (intrinsec) intre cele doua
zone ale diodei

- creste volumul de
absorbtie deci creste §
sensibilitatea fotodiodei —_|_‘._.ﬁ Electric field strength
° capacitatea jonctiunii -
scade ducand la cresterea Depletion region

vitezel e I
- este favorizat curentul de o Absorption

region

conductie (mai rapid) fata
de cel de difuzie

ﬁ”wv
SULERRR AR R
W\ A
A\ )
\\ \ )
N \
\\

. —
n-layer ¢

ﬂl LI XX ]

External load




Structura fotodiodei PIN

» tipic, adancimea stratului intrinsec este de
20-50um
» cresterea suplimentara a adancimii ar duce la
cresterea timpului de tranzit
e w=20um -> T, = 0.2ns
| n Sy s g
E‘%%?,:ag‘)ﬁl \ %é Anti(-;g:liﬁgtion <‘ <‘ ) |
N NEE me e
So|2p'8i i | | J—‘ ﬁ{_smﬁ
Electrical

Contact o o
Intrinsic layer

n-layer

_|:|_1 Metal plate

External load positive pole




Structura fotodiodelor Schottky

» se bazeaza pe jonctiunea metal semiconductor

» vitezele de lucru sunt mult mai mari, metalul
fiind un bun conductor realizeaza evacuarea
mult mai rapida a purtatorilor din jonctiune

» permite utilizarea unor materiale cu eficienta
mai mare dar care nu pot fi dopate simultan p
si n pentru utilizare in PIN

» modulatie cu TO00GHz Electrical

(
Contact <
<

posibila (Ring)

> Anti-Reflection
Coating

Electrical
Contact

=




Fotodioda PIN pentru lungimi de
unda crescute (1550nm)

» se utilizeaza tipic

> InGaAsP pe substrat InP
> GaAlAsSb pe substrat GaSb

i
| [ | [ insulat
8-10 pm Inp
approx. 3 pm n-InP
approx. 2,5 ym n-InGaAsP
approx. 4 pm p* InGaAsP

Metal plate - negative pole




Fotodioda PIN cu multiplicare in
avalansa

» daca viteza purtatorilor este suficient de mare
genereaza noi perechi electron/gol prin
ionizare de impact

» amplificarea are loc in acelasi timp cu

detectia <
= Y Electric field strength
. i — n*-layer Amplification and
Incident light -~ T " " acceleration region
E =hv = — N
,—‘; ; \
AVACE S = I
Electron/hole f; 1 i-layer Absorption
_—— region
pr-layer
|
I—

External load




Functionarea fotodiodei cu
multiplicare in avalansa

» campuri electrice de ordinul minim: 3x10>°
V/m, tipic: 10° V/m sunt necesare

» aceste campuri sunt generate de tensiuni
inverse de polarizare de ordinul 50-300V

» structura este modificata pentru concentrarea
campului in zona de accelerare

Electrlcal ( (¢ Anti-Reflection

Contact > ) 2 Coating ._I;EIectricaI contacts Electrical contact
(Ring) >SS 5 s //
SiO: Q.;f ' / /7
I
GuardRing | _ Blp S|’ JMQ +
n doped - l Entering : 2)7\ \
l = multiplication Light - -
Electrical (absorpnon regian - = - Arriving
Contact |7-Si region) - 8 @ Photon
oS A
n+ p region x ! p+)
region +| | ‘ - region regio

50-200
Volts




Structura fotodiodei cu
multiplicare in avalansa

Anti-reflex )
coated
glass . Metal ring
\\ positive
[~ ~ pole
R
S 1

= — :'—— Si0; insulation
x\“& n*-InpP
p - InGaAsP

40 - 60 pm P

+_
_ p*-InGaAsP

e

A Metal plate

External load negative pole




Caracteristicile fotodiodei cu
multiplicare in avalansa

» factorul de multiplicare caracterizeaza
amplificarea fotocurentului generat

. smw .............................................................................................................
_I _ .S 100
» Responzivitatea bl
S 10
R = | :77°e-ﬁ.M S ; | | | |
PO hc 1O | 260 | 4(30 | 660

Voltage




Dezavantaje

» tensiuni inverse de polarizare mari cresc
complexitatea circuitului

» diodele cu multiplicare in avalansa sunt
intrinsec mai zgomotoase (curentul de
zgomot este amplificat de asemenea)

» factorul de multiplicitate are o componenta
aleatorie (zgomot suplimentar)

» viteza mai redusa (timp de generare al
avalansei)




Caracteristici curent/tensiune
Fotodioda

fotovoltaic «— « fotoconductiv

= 100p A -
/] B
P=200uW
10 kQ LR
sarcind T S0pA
100uW
50uwW
T
| 1 T | I g rrrrrr
-05v ov 10V 20V JoV




Amplificatoare transimpedanta

» Fotodiodele genereaza un curent proportional
CU puterea optica receptionata

» Primul pas necesar este conversia acestui
curent la o tensiune

» Amplificatoarele transimpedanta sunt
amplificatoarele atacate in curent si care
ofera la iesire o tensiune proportionala cu
acesta

» Amplificarea este masurata in Q (kQ)




Amplificatoare transimpedanta

» Cel mai simplu amplificator transimpedanta
este un rezistor

n out

o
e
1
S
=
3ol
:||._.@_
" W—s
oy
-IHI——'

(a) (b)




Amplificatoare transimpedanta

» Trebuie realizat un compromis intre
> zgomot
> castig
° Viteza

» De obicei sunt realizate cu reactie
R

Ip

N\

out




Amplificatoare transimpedanta




Zgomotul traductorilor
electro-optici



Zgomotul emitatorilor optici

» LED

- aste considerat o sursa lipsita de zgomot
> nu contamineaza semnalul cu zgomot suplimentar

» Dioda LASER

> fluctuatii de faza, determina o largire a spectrului
emis

> fluctuatii de intensitate, determina zgomotul de
intensitate introdus de dioda

> RIN - Relative Intensity Noise

(R)

RIN[L/ Hz] =
(P?)-BW




RIN

» reprezinta o densitate spectrala de zgomot

> puterea de zgomot depinde de RIN si de banda
semnalului

» Depinde de puterea semnalului
- P-3 |a puteri mici, P-! la puteri mari
1»

RIN (dB/Hz)

-120 +

&

100 Frequency (GHz)




Raspunsul unei diode laser

» oscilatii de relaxare - x GHz

iy §
m
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EIN

» Equivalent Input Noise

> Ri - rezistenta de intrare in circuitul de modulatie a
diodei

> Variatiile de putere (zgomot) echivalente unor
variatii de curent (zgomot) prin dioda

(Br)=r-(Ir)

EINW]=R;-(17) 1 Hz banda

EIN[W /Hz]=RIN-(I, -1, )*-R,




Zgomotul fotodiodei

» NEP

- Noise Equivalent Power
> r - responzivitatea diodei

(i)

- r depinde de A, implica NEP depinde de A
> In cataloage apare de obicei densitatea spectrala

NEP[W]=

i,
NEP[W /+/Hz]= < >= NEP
r BWPD




Zgomotul fotodiodei

» NEP

> cea mai mica putere detectabila

(iZ)=2-e-1-BWpp =2-€-(I5 + I ) BWpp

i”)
P_. :\/< r>m|n :%°\/2°e°|dark°BWPD

NEP[\N/\/HZ]=:%-\/2-e- |,




L AJ

BER

» Bit Error Rate

104 |
106 |

1674

Optical
SNR

s

10-10 |

—
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Probabilitate de eroare

lout

f BER
Prob. of "1" .
g 10T
17
Overlap :
region N 10T
an error. Threshold current, Ip
A 5|
I(non) 1°
Probobllity 1 o"" o
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Senzitivitatea unei diode

4

BER

2
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Senzitivitatea




Utilizare celule solare
Capitolul 10




Cuprins

» Lumina ca unda electromagnetica (ecuatiile lui Maxwell, ecuatia undelor,
parametrii de propagare)

» Elemente de fotometrie si radiometrie (marimi energetice/luminoase)

» Fibra optica (realizare, principiu de functionare, atenuare, dispersie,
banda de frecventa)

» Cabluri optice (tehnologie, conectori, lipire - splice)

» Proiectare sistemica a legaturii pe fibra optica (banda de frecventa,
balanta puterilor)

» Emitatoare optice (LED si dioda laser - realizare fizica si functionare)

» Receptoare optice (dioda PIN, dioda cu avalansa - realizare fizica si
functionare)

» Amplificatoare transimpedanta (parametri, scheme tipice, TIA in bucla
deschisa, cu reactie, diferentiale, control automat al castigului)

» Realizarea circuitelor pentru controlul emitatoarelor optice (parametri,
scheme tipice, controlul puterii, multiplexoare)

» Dispozitive de captare a energiei solare (principiu de functionare,
utilizare, proiectare )




Efect fotovoltaic

» jonctiunea pn

Energy level
A
Free
electrons

Band gap
etk Fermidevet £

KT=E,

Energy levels
—_— —_— - - within each
= e — —_— — atom




Efect fotovoltaic

» jonctiunea pn

m .' e ‘_’Woc ® ®
g.@ 91910, 1.9:0:0:0°
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Efect fotovoltaic

space
charge
region
neutral region < > neutral region

Y

» jonctiunea pn i

A holes
c electrons
o
e
=)
83 p-doped n-doped
Sg
=
©
(9]
p-type n-type
Anode sllicon sllicon Cethode
Q T Charge
o r\\‘* o >
Arnde Cathogde ’%
V >V,
ET Electric field
X
VT Voltage AV built-in
voltage
_____________ Y. 97




Efect fotovoltaic

» jonctiunea pn / Fotodioda

| \ Electric field strength
.Q ®e ®
%00
e ® © Diffusio_r?_rfe_g_i_o_lj
p-layer -
©)
_-_-Q._‘ _____ i e ~ ;',’
of Depletion =
® # region =
. :
e o - el _
n-layer | @g .‘. ® Diffusion region
X
|




Efect fotovoltaic

» generarea unei perechi electron/gol in
interiorul unui material prin absorbtia
energiei fotonilor incidenti si cresterea
energiei potentiale a electronilor
- urmat de posibilitatea separarii sarcinilor

» deosebit de conversia:

- fototermica (energia fotonilor este convertita in
caldura - energie cinetica a electronilor)

- fotochimica (fotosinteza energie potentiala utilizata
chimic)
» duce la aparitia unei tensiuni electromotoare
Si a unui curent intr-un circuit inchis




Efect fotovoltaic

» diferit de efectul fotoelectric (cu toate ca este
asemanator ca principiu)

n
uv light light

wl] 2 1
S ~

Current

Load




Efect fotovoltaic

» Separarea fizica a sarcinilor este de obicei
realizata prin utilizarea unei jonctiuni pn:
- campul electric generat de distibutia sarcinilor in
zona golita de purtatori a jonctiunii
» In principiu o celula solara este o fotodioda in
care:

- nivelul de semnal optic este ridicat (fortarea prin
polarizare inversa externa a extragerii tuturor
electronilor generati nu e necesara)

> viteza de lucru nu e importanta (accelerarea iesirii
din dispozitiv a electronilor generati nu e necesara)




Celula solara (fotovoltaica)

» in principiu o dioda
> cu arie mare (~100cm?)
- cu suprafata tratata antireflectorizant

- genereaza o tensiune electromotoare de 0.5+-1V
- genereaza curenti de scurtcircuit de x0 mA/cm?




Celula solara (fotovoltaica)

» pentru utilizare in practica
- module de 28 - 36 de celule conectate in serie
> creste tensiunea la 12V (tipic)

i,
e
SRS SRR

S S R A A




Celula solara (fotovoltaica)

» pentru utilizare in practica

- modulele sunt conectate in serie si/sau paralel
pentru obtinerea tensiunilor/curentilor necesari

pentru aplicatie —

Power
conditioning

Load

Y
A\ 4

PV generator

\//\ N\ N

Storage
(Battery (dc)

or Grid (ac))

T |Module| "T

o +V

String




Celula solara (fotovoltaica)

» pentru utilizare in practica
- diode pentru flexibilitate

Bypass diode from shaded

string is forward biased and
Bypass diodes from the unshaded cells conducts current s 0 +V
are reverse biased and have no impact. +0.6Y-

> > -
e I A

-0.5V+ -0.5V+ -0.5V+ ]

-0.8V +

Current from string of cells is limited by lowest
current cell. If some cells are shaded, then the extra

Shaded cell

current from the good cells in the string forward VAR Lo\
biased these cells.

String

T |Module| "T

()0




Celula solara (fotovoltaica)
» Diode bypass

SERIES CONNECTED SOLAR CELLS WITH BYPASS DIODES SERIES CONNECTED SOLAR CELLS WITH BYPASS DIODES
X Matched currents at short circuit At short circuit conditions and with  [matched currents at short circuit At open circuit conditions and with
O Mismatched currents at short circuit Matched currents, the voltage across 1 pgiginatched currents at short circuit matched currents, the short circuit
SRy both the solar cells and the bypass SRy tf h sol TR} d
O matched currents at open circuit : . ; Matched currents at open circuit current from each solar cell forwar
g ~_  diodes is zero. The bypass diodes g .. biases the solar cell. The bypass
O Mismatched currents at open circuit pave no effect. Mismatched currents at open circuit ;

diodes are reverse biased and have
The circuit elements contained within the blue dotted lines model a solar cell no effect on the circuit.
The current source is the light generated current, Igc.

k _* g P >
P dimtiay __‘\. I‘___'"__‘\

s

 isie i NPT \ b 4 e R
e LR e e e g A The bypass diodes

The diodes outside the | > i are reverse biased
dotted blue line are the | and have no effect. o
by-pass diodes.

Onyid OB

The solar cell diodes
i are forward biased by

I Igc and are at V.

—l
t[)_
(9]
h 4
—l
t[)_
(9]
h 4
o
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Celula solara (fotovoltaica)
» Diode bypass

SERIES CONNECTED SOLAR CELLS WITH BYPASS DIODES SERIES CONNECTED SOLAR CELLS WITH BYPASS DIODES

O Matched currents at short circuit At open circuit conditions and with O Matched currents at short circuit ‘:::'T;Lr:;:“:t”;:ovvc;ha::':‘ga::ehﬁd I 3(}'

O Mismatched currents at short circuit mismatched currents, the shaded Mismatched currents at short circuit . 2 2 .9°°
ity ety solar cell junction, forward biasing the
O matched currents at open circuit z°|a' ce:_h:s a reduced Vog: Thfi Matched currents at open circuit "good" solar cell. This voltage in turn
%Mismatched currents at open circuit a:-dp:::e l:o ee:f:::: reverse blase O Mismatched currents at open circuit fowrad biases the by-pass diode of the
' shaded cell, allowing it to conduct

current.
P P P
P e N e Mty e i P N e Mty e A
ﬂ f Some current from

the "good" solar cell'§¥
forward biases the

T ! i x "good" solar cell.

| The solar cell diodes
+ are forward biased by

|

|

| :

| and are at their
SC

: ISC1 ¥0-6 I respective Vg¢s.

|

|

The bypass diode
of the good cell is

| ‘ reverse biased and
S e R ¢ i has no effect.
i e B R The bypass diodes ST

The bypass diode of
the shaded cell is

foward biased from
the "good" solar cell
and conducts current.

l are reverse biased o
| and have no effect.

<

The shaded cell is
reverse biased, but

i
L > only to about -0.5V.
N e \.___+.__/
<

< h ¢




Celula solara (fotovoltaica)

» in principiu o dioda

antireflection coating

" rear contact




Celula solara

» probabilitate de generare a purtatorilor
depinde de

- material :
- distanta parcursa 1}
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Celula solara

» probabilitate de generare a purtatorilor
depinde de

© matel’la| 1I]22
- distanta parcursa |l b
R e
)
E
P 10
o
-
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-E- 10"
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Celula solara

» probabilitate de captura a purtatorilor

Unity collection

Front Surface | | probability for
| carriers generated

------------- _ in the pn junction

Rear Surface

Solar cell with good
surface passivation

Solar cell with poor
surface passivation

1
=)
=
@
i
=
| =
o
=
o
=
T
2
©
&

diffusion length
With high surface recombination,

the collection probability at the
surface is low.

-\ Solar cell with low Distance in the device




Celula solara/Fotodioda

» Energia necesara pentru eliberarea unei
perechi electron gol

hv=mz E,
A
» Lungime de unda de taiere

hc
/Imax — E—
g

» Coeficientul de absorbtie are valoare mare la
lungimi de unda reduse

» Ca urmare comportarea tuturor materialelor
este de tip trece banda




Celula solara

» raspuns spectral

1
gﬂ- 8 Ideal cell
< measured cell
@
]
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90
g
o
E 0.4
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»

0.2
0

0 0.2 0.4 06 0.8 1 1.2
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Celula solara

» Schema echivalenta
> dioda
> sursa de curent generat de fluxul de fotoni incident




Celula solara

» Schema echivalenta
> dioda
> sursa de curent generat de iluminarea energetica

incidenta o curent de intuneric

o A Id(v)zlo_(eeV/KT _1)

+
\/@ AV V - adaugarea curentului

J generat de fotoni

I(Ee’v): Isc(Ee)_Id(V)
> tensiunea in gol

y Eutﬁlj




Current density, J

Celula solara

(E..V)=14(E.)- 14 (V)

"\

L
n
@

Light current

Dark current

1, (V)= 10- (7 -1) N\

dark

LN

Bias voltage, V \V




Celula solara

» poate fi folosita in loc de baterie intr-un
circuit electric
> cU anumite diferente

battery

load

solar cell

QD

Voltage

Battery e.m.f.

Solar cell

>

Increasing light intensity

Battery

e

Current



Putere generata

» Putere generata

P=V.I

P =0-1

Jec SC

=0
7

Light current

SC

Current density, J

Dark current

Bias voltage, V

P.=V,.-0=0

Jsc

Current density

Maximum
power point

-
3

Current density, J

Power
density

?

Bias voltage, V



Putere generata

» Putere generata

Maximum
Current density pojver pornt Pm — me * I pm

[
»
9}

[
3

» Valorile de curent si
tensiune pentru putere
maxima sunt date de
catalog, circuitul de

| conditionare care

vo V.. Urmeaza dupa celule

Hizswoltage, ¥ \ poate fi optimizat sa

functioneze la aceste

valori

Power
density

Current density, J




Putere generata

» Controlerul de incarcare este responsabil
pentru detectarea si urmarirea puctului de
putere maxima
> MPPT - Maximum power point tracking

‘

ition

Storage
(Battery (dc)
or Grid (ac))

Load

PV generator




Current,

C e I U I a S O I a ra "°‘"‘:;c Cell with High Fill Factor

FF=ImpxV¥mp
IscxVoc

=area i

areaB

» Factor de umplere

FFE = Yom " on
V,, |

OoC SC

» 0 masura a calitatii celulei
- dependent de material curen,

Voc Voltage

Power Cell with Low Fill Factor
Maximum Isc
R S power point
P —_— V R I Jeo Current density / Nn]p, llnp)
-
m pm pm - B
; FF=Imp=xV¥mp
£ IscxVoc
§ Pon =area A
5 densit areaB
5
(&)
Vi |V
Bias voltage, V

O -
Voc Voltage



Efect pierderi

» Rezistenta serie

> rezistenta echivalenta a semiconductorului utilizat
> rezistenta jonctiunilor metal/semiconductor
> rezistenta contactului metalic al anodului si
colectorului
» Rezistenta paralel

- generata de defecte de fabricatie
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Rezistenta serie

» Minimizare Rs
- bare colectoare /"'
- “degete” -

» Compromis
> rezistenta

- suprafata metalica
reflectorizanta

fingers

r-\\\

\h \ bushars




Rezistenta serie

» Comprimis rezistenta/suprafata metalica

20
—— Resistive loss in fingers
- Current loss due to shading|
- Resistive loss in emitter

16- ~—— Total power loss

—
N
i

% power loss

o
I

finger spacing (mm) [+]1F

A —_



Rezistenta caracteristica

» Raportul intre V si | |
cand celula lucreazala * v

eficienta maxima verse of sope isii“'“‘“"“““
R _me NVOC o Vmp
CcC ~ CH™ Tmp
I pm ISC
» Daca sarcina este egala

Current

cu RC, celula lucreaza la Voliage Ves
eficienta maxima

» Tipic, celulele comerciale opereaza la
tensiune mica si curent mare

» conexiunile la celule trebuie sa aiba
rezistente de ordinul mQ 0.6V

Re

~ 0.067Q
9A



Eficienta celulei solare

» raportul dintre puterea electrica generata si
puterea optica incidenta

77:

77:

» Puterea o

luminii in

P, :me L.

DO Po

i:Voc‘kc'FF

:)O Po

otica depinde de fluxul energetic al

cidente si suprafata celulei

P, =S| ®,(2)d



Eficienta celulei solare

» determina suprafata necesara pentru obtinerea

unei puteri dorite

100% efficiency
(impossible to achieve)

20% efficiency
(monocrystalline
silicon solar cells)

Expensive
material

42

33% efficiency
(space-grade solar cells)

Very
Expensive
material

10% efficiency
(thin film material)

Relatively Inexpensive material



Eficienta celulei solare

» Exista o limita maxima teoretica pentru
fiecare material semiconductor

- fiecare material are o banda spectrala proprie, mai
mica decat banda spectrala a soarelui

» valorile nu sunt foarte mari

- din motive economice, recordurile nu sunt repetate
In practica
Table 1.1. Performance of some types of PV cell [Green et al., 2001].

Cell Type Area (cm?)  Voe (V) Jse (mA/cm?) FF  Efficiency (%)
crystalline Si 4.0 0.706 42.2 82.8 24.7
crystalline GaAs 3.9 1.022 28,2 87.1 25.1
poly-Si 1.1 0.654 38.1 79.5 19.8
a-Si 1.0 0.887 19.4 74.1 12.7
CulnGaSes 1.0 0.669 35-7 170 18.4

CdTe 1.1 0.848 25.9 74.5 16.4
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Eficienta maxima a celulei solare

Best Research-Cell Efficiencies .
=%
NATIONAL RENEWABLE ENERGY LABORATORY
Multijunction Cells (2-terminal, monolithic) ~ Thin-Film Technologies Sharp
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Dependenta de material

» materialele care ofera tensiuni mari au de
obicei curenti mai mici
- dependent de latimea benzii interzise

80
70
theoretical limit
60 +
o
£ 50 c-Si
E 40 1 poly-Si ]
Fim GaA
2 30+ CIGS CdTe S
= N -
a-Si
20 + m
10 +
O | I 1 I I 1
05 0.6 0.7 0.8 0.9 1 1.9 12

Voc IV



Realizari practice

» materialul preferat este Si

Global Market Share by PV Technology

from 1990 to 2013

Thin-film

T 100%

+ 715%

T+ 50%

T 25%

1 0%



Tipic

80 WATT

POWERFUL PERFORMANCE. SHARP RELIABILITY.

POLY-CRYSTALLINE SILICON PHOTOVOLTAIC MODULE
WITH 80W MAXIMUM POWER

Sharp’s NE-80EJEA photovoltaic modules offer industry-leading perform-
ance, durability, and reliability for a variety of electrical power requirements.
Using breakthrough technology perfected by Sharp’s 45 years of research
and development, these modules incorporate an advanced surface

texturing process to increase light absorption and improve efficiency.

Common applications include cabins, solar power stations, pumps, beacons,
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IV CURVES

ELECTRICAL CHARACTERISTICS

Cell 7 Poly-crystalline silicon
No. of Cells and Connections 36 in series

Open Circuit Voltage (Voc) 21.6V

Maximum Power Voltage (Vpm) 17:3V.

Short Circuit Current (Isc) 5.16A

Maximum Power Current (Ipm) | 4.63A

Maximum Power (Pmax)” 80W (+10% /-5%)
Module Efficiency (nm) 12.40%

Maximum System Voltage 600VDC

Series Fuse Rating 10A

Type of Output Terminal Junction Box

Current [A]

Cell Temperature: 25°C

90
1000CW/m?] - 80
- 70

800CW/m?]
- 60
600[W/m?] - 50

//7 b
N

- 10

0

5 10 25
Voltage [V]

— Current vs. Voltage
— Power vs. Voltage

Current, Power vs. Voltage Characteristics

Power [W]




Energia solara disponibila

Sun

Assumes Sun is a “black body.”



Energia solara disponibila

Intensity / (arb. units)

10

(o))

N=N

infrared

Fig. 18.2. Spectral intensity distribu-
tion of Planck’s black-body radia-
tion as a function of wavelength for
different temperatures. The maxi-
mum of the intensity shifts to shorter
wavelengths as the black-body tem-
perature increases.
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Energia solara disponibila

- Earth
PEarth
. D (distance to Sun)
R~6.955x10° m
P =g T
< >

D~ 1.496x10" m

Energia receptionata pe toata suprafata Pamantului
intr-o ora mai mare decat toata energia consumata
de intreaga populatie intr-un an




Energia solara disponibila

The earth does 365 revolutions as
it goes around the sun. Many more
than are shown here.

March 22 equinox
declination = 0°

AM 0 = radiatia in afara atmosferei
terestre

AM 1 = radiatia la suprafata
terestra, incidenta normala

AM 1.5 = radiatia la suprafata

June 21 solstice
dedination = 23.45°

September 23 equinox terestra, incidenta corespunzatoare
dedlination = 0°

latitudinii de 48° (standard)

AMO /AMO/|\

AM 1 ‘ﬂ“/ U
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Sunlight Intensity (KW/m?/um)
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ASTM G173-03 Reference Spectra
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70 .
Outgoing
25\ Infrared

Abs

25
Absorbed

Atmospheric
Processes

104
Radiation
From the
Earth

45
Absorbed

Greenhouse
effect

Heat trapping in the atmosphere dominates the earth's energy balance. Some 30% of incoming solar energy is reflected
(left), either from clouds and particles in the atmosphere or from the earth's surface; the remaining 70% is absorbed. The
absorbed energy is reemitted at infrared wavelengths by the atmosphere (which is also heated by updrafts and cloud
formation) and by the surface. Because most of the surface radiation is trapped by clouds and greenhouse gases and
returned to the earth, the surface is currently about 33 degrees Celsius warmer than it would be without the trapping.
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SOLAR SPECTRUM

AM1.5 Global: Used for testing of Flat Panels (Integrated power intensity: 1000 W/m?)

AM1.5 Direct: Used for testing of concentrators (900 W/m?)

AMO: Outer space (1366 W/m?)
40 T

S LS S e
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‘TE i
C J
§ 1.5- —=41.5
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Motivatie eficienta limitata

» Toate materialele utilizate au o banda care
acopera doar partial spectrul solar (ex. GaAs)

QE of galliumarsenide cell

Solar photon flux density

Photon flux density / a.u.
QE / a.u

200 400 600 800 1000 1200 1400 1600 1800

| Wavelength / nm
B o~ e
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Photovoltaic Solar Electricity Potential in European Countries =
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Global irradiation and solar electri?#y potential
Optimally-inclined photovoltaic modules ROMANIA I ROMAN'A
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- - - - > l —
B JRC CM SAF Photovoltaic Geographical Information System - Interactive Maps =i
EUROPA > EC > JRC > IE > RE > SOLAREC > PVGIS > Interactive maps > europe Contact Important legal notice
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47797 30" North, 27°3675"East

— Horizontal irradiation

— Irradiation optimal angle
— Irradiation at Qodeg.

— — Direct normal irradiation
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Unghi optim de inclinare

» Puterea optica depinde de fluxul energetic al
luminii incidente si suprafata celulei
- |la incidenta normala

P, =S| ®,(4)d
- |la incidenta oarecare

CDG(/I):IST-ﬁdA:\S\-A-cosa o<
)

§=EXH X




Unghi optim de inclinare

» Pozitia soarelui este diferita
> in functie de ora
> in functie de anotimp




Sisteme de urmarire

» Sisteme motorizate de urmarire a soarelui
° 0O daXd
- doua axe

} Re g I aj 4773730 Morth, 277367 5"East

— Height of sun (21 December)

© f'X (O pt' m an) or — Height of sun (21 June)

— Horizon outline

- doua pozitii (anotimp)

height (deg.)

0
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Azimuth Ceast =-90, south=0, west=00)
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Sisteme de urmarire
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Unghi optim de inclinare

» Panourile se orienteaza spre sud (geografic)
» Inclinarea pe verticala se poate calcula din

considerente

> geometrice

o astronomice

a0 -

g0
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— Optimal panel inclination ak
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lasi

deg.
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|—Dptima1 panel inclination angle I

Feh

Mar

Apr May Jun Jul  Aug  Sep Oct  Mow  Dec




Tip de sistem de urmarire

» depinde de tipul de sistem solar
° CU concentrare
- fara concentrare

» depinde de conditii meteorologice

04) p—
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lasi
m-m-mm

1440 1410 1020 -2.5

1680 2350 2130 1670 55 -1.4

3310 4210 3330 3150 46 4.0

4580 5150 3280 4380 32 10.6

5900 5960 3070 5530 19 16.7

6140 5900 2760 5530 13 20.0

6320 6240 3010 6010 17 22.3

5470 5960 3460 5630 28 21.4

Sep 3720 4600 3390 3820 42 16.1
Oct 2450 3570 3210 3000 55 10.2
Nov 1260 2000 2010 1600 63 5.5
Dec 1280 1310 -0.8
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lasi http://re.jrc.ec.europa.eu/pvgis/
D S S

[Jan | 1440 1410 1020 -25
1680 2350 2130 1670 55 -1.4
m 3310 4210 3330 3150 46 4.0
4580 5150 3280 4380 32 106
5900 5960 3070 5530 19 16.7

Jun 6140 5900 2760 5530 13 200
6320 6240 3010 6010 17 223

Aug 5470 5960 3460 5630 28 214
3720 4600 3390 3820 42 161

Oct 2450 3570 3210 3000 55 10.2

Nov 1260 2000 2010 1600 63 5.5

Dec 802 1280 1310 64  -0.8

H,: Irradiation on horizontal plane (Wh/m?/day)

Hopr: Irradiation on optimally inclined plane (Wh/m?Z/day)
H(90): Irradiation on plane at angle: 90deg. (Wh/m?/day)
DN/ Direct normal irradiation (Wh/m?2/day)

Lopt- Optimal inclination (deg.)

T4, 24 hour average of temperature (°C)




Romania

Global horizontal irradiation Romania

solargis

hitp:fisolargis.info

Average annual sum (4/2004 - 3/2010) 0 50 100 km
<1000 1100 1200 1300 1400 > kWh/m? © 2011 GeoModel Solar s.r.o.




2019

» Schimbare de:
- adresa
- aplicatie
» Alte modalitati de prezentare a rezultatelor
- acces la date individuale 2007 - 2016
- unitati de masura diferite (kWh/m?4/luna)
> lipsesc unele date (unghi optim lunar, H90)

http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
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2 | rejrc.ec.europa.eu/pvg_tools/en/tools.htmi#MR
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lasi, date 2016
m-:-m—

34.8 55.5 0.67 -2.3
50.5 72.2 50 0.63 4.1

100 128 94 0.51 5.2

147 167 141 0.43 12.4
168 169 141 0.46 14.2
184 180 162 0.4 20.2
215 215 216 0.33 21.7
174 191 185 0.35 20.4
130 164 149 0.38 17

55.2 73.7 54 0.59 6.6
36.3 58.5 44 0.62 2. 8
29.6 49.2 0.68

W\

W\

\ \
\



lasi, date 2015
m-:-m—

29.5 45.6 0.71 -0.9
50.6 73.5 53 0.61 -0.2
95.4 123 94 0.51 4.1
142 160 134 0.44 9.1
190 193 177 0.39 16.6
209 205 200 0.35 19.7
199 200 187 0.36 22.8
173 189 180 0.35 22.6
113 140 118 0.42 17.6
73.7 107 85 0.51 3

38.3 61.6 48 0.59 6.1
34.7 64 52 0.6 1.1

i —_



lasi, date 2016
mm—

34.8 55.5 39 0.67 -2.3
50.5 72.2 50 0.63 4.1

100 128 94 0.51 5.2

147 167 141 0.43 12.4
168 169 141 0.46 14.2
184 180 162 0.4 20.2
215 215 216 0.33 21.7
174 191 185 0.35 20.4
130 164 149 0.38 17

55.2 73.7 54 0.59 6.6

36.3 58.5 44 0.62 2.8

29.6 49.2 0.68

Hh: Irradiation on horizontal plane (kWh/m2/month)
Hopt: Irradiation on optimally inclined plane (kWh/m2/month)
DNI: Direct normal irradiation (kWh/m2/month)

D/G: Ratio of diffuse to global irradiation (-)
T24h: 24 hour average of temperature (-C)



42.42
61.58
112.28
175.65
145.46
181.37
196.06
186.03
137.27
69.29
36.67
20.75

lasi, date 2020
m—

34.29
97.82
150.87
205.88
144.31
173.26
192.45
202.9
177.73
97.6
59.98
31.54

77.65
82.35
130.45
199.18
112.26
148.87
171.95
189.24
161.36
70.7
44.53
20.21

0.48
0.48
0.41
0.33
0.5
0.44
0.4
0.36
0.35
0.55
0.6
0.74

3.4
6.6
11.3
14.2
21.4
22.7
23.6
19.2
13.6
4 6

_____
A



lasi, date 2020
m——

4242 8429 7765 0.48
61.58  97.82 8235 048 3.4
11228  150.87 13045  0.41 6.6
Apr 17565 20588  199.18  0.33 11.3
May 14546 14431 11226 05 14.2
Jun 181.37  173.26 14887 0.4 21.4
196.06 19245 17195 0.4 22.7
186.03 2029 18924 036 23.6
13727 17773 16136 035 19.2
69.29 976 70.7 0.55 13.6
Nov 3667  59.98  44.53 0.6 4.6
Dec 2075 3154 2021 074

H(h) _m: Irradiation on horizontal plane (kWh/m2/mo)
H(i_opt) _m: Irradiation on optimally inclined plane (kWh/m2/mo)

Hb(n)_m: Monthly beam (direct) irradiation on a plane always normal to
sun rays (kWh/m2/mo)

Kd: Ratio of diffuse to global irradiation (-)

T2m: 24 hour average of temperature (degree Celsius)



lasi, date 2020

> Lu Nnar Monthly solar irradiation estimates
- kWh/m¢2/luna 3
> Unghi optim -

(an) in csv

150

10{ September 2020

e Horizontal irradiation: 137.27 kWh/m?

» Optimal angle irradiation: 177.73 kWh/m?
e Direct Normal Irradiation: 161.36 kWh/m?

7

Monthly irradiation [kWh/m?]

o))

0
January '2020 April '2020 July '2020 October 2020




lasi, date 2020

2 Z| (ma|) Daily average irradiance
o W /m2 o
> Ore in UTC!! o
(-3h) Hour 9001

e Global: 733.24 W/m?

E 800 | o Direct: 466.42 W/m2
o Clear Sky - =3 * Difiuse: 254.71 Wim? | /@
L. § Clear-sky: 1,061.67 W/m?
conditii L
ideale E
(@]
200
0
0 3 6 9 12 15
Hour (UTC)

Irradiance(Click on series to hide)

— Global — Direct
- Diffuse Clear-sky




Contact

» Laboratorul de microunde si optoelectronica
» http://rf-opto.etti.tuiasi.ro
» rdamian@etti.tuiasi.ro

» http://ocw.mit.edu/
» MIT Course Number 2.627
» Fundamentals of Photovoltaics

» http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
» http://www.pveducation.org/
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