EMITATOARE OPTICE



STARE TERMODINAMICA
f(p.V,T)=0

Exemplu: Gazul ideal

oV —LRT =0
M

R=8.3 J/mol - K |

N, =6.023-10% | mol ™" |



Principiul 1 al termodinamicii

AU +L=0Q

dU +dL =dQ
dU + pdV =dQ

=)o)



Principiul 1 al termodinamicii

Exemplu
oU oU
dT + dVv + pdV =d 1
(c’ﬂj (avj P Q (1)

oU oU oV oV
dT + dp + dT + dp=d 9
) (5] ool T ool G | wese

oU oU
(avj dVv +( . jv dp+ pdV =dQ (3)
dQ

Capacitate termica= -
P a7



Principiul 2 al termodinamicii

O transformare a carei singur rezultat final
este sa transfere caldura de |la un corp aflat
la 0 anumita temperatura, la un corp aflat |la
o temperatura mai ridicata, este imposibila.




ENTROPIA
| Q KCJ‘) dQ

— <0

T
9

d
_ ?=0 Ciclu reversibil 45?Q=0(4) Ciclu reversibil

(5)_/[T (6)S(A)=fdQ Entropia starii A




Propietati Ale Entropiei

(

B dQ
S ( B) -3 (A) = j? Transformare reversivila
(8)- .

S ( B) —S (A) > j(j_l_—Q Transformare ireversivila

. A

(dQ = () Sistem izolat

/4
\O

N
N\

S (B) > S (A) Transformare ireversibila intr-
un sistem izolat
S (B) =3 (A) Transformare reversibila intr-

un sistem izolat




Principiul 3 al termodinamicii

S =klIn(W)+const. (10) k=Ni=1-38-10‘”[J/°K]
¢ dQ e
S(A)=|— (11)S(A)= | =
(=] (ns(a- [ 3

(12) S (A) =kInW

Observatie: S—0=W =1




Ipoteza cuantelor a lui Planck

> &




Determinarea probabilitati termodinamice

S(A)=klogW (14)

U, =NU (15) S, =NS (16)

U, =NU =Nne=Pe (17)

Sy =klogW (18)



Calculul probabilitatii W
U, =Pe¢

1 2 3 4 5 6 7 8 9 10
738 11 0 9 2 204 4 5

Tabel 1

N(N+1)(N+2)..(N+P-1) (N+P-1)!

[2:3..--P (N-1)!P!
N!~ NN\ (20)

N+P)""
e O}

(19)



Calculul probabilitatii W
Sy =KInW =kInR =
=k{(N+P)In(N+P)-NInN-PInP}

Sy =kN (1+lenN(1+Bj—lnN—ElnNE =
N N N N
:kN{(1+len(l+Hj—Uan}
g ) € &

S = k{(H%)ln(H%)—%ln%} (22)




Legea de deplasare a lui Wien

o=t ( 1) 2

U= 872/2: (24)
U=vi Gj(zs) Tovf (%j(%)
L St



Expresia quantei de radiatie

S = f (%j (30)

S=Kk 1+E In 1+E —Uan 31
(5o}

g =hv

S=k 1+g In 1+gj—ilng (32)
hy hv ) hv hv




Legea lui Plank

ldS(
T dU

1 = Lln(lnth—vj (34)
T hv U

U = thW (35)

ekl —1

33)




Derivate ale legii lui Planck

hy
U — hy
ekt _1
I T - v
hy ~ € ekT z1‘|‘—
Legea

Legea lui Wien ,
Rayleigh—Jeans



Absorbtia si emisia de lumina

Jl FE . 4 Ez - EE
hv
AAUNNSe
hwv hv v
AN AN AT AT Wy
hv
AT AV aVav
- El ‘r El * El



Viteza de absorbtia si emisie

(e) (b} ()

Rspon = ANZ (36)9 Rstim = BI\Izloem (37)9 Rabs = B'Nlloem (38)
N,/N, = Exp(-E, /KT )= Exp(-hv/KT) (39)
A/B
B'/B)exp(hv/kT)-1

AN2 + Bszem = B'Nlpem (40) :>10em — (

8hv’ /¢’
. zhv?/

)= [A<(smh BB ()




Concluzii

1. Sursele termice

2. Echilibru termic la temperature camerei

Ram/ Ropon = [ €xp(hv/KT)=1]" <1 (43)

Laserele functioneaza prin

inversiunea de populatie
N2 > N1




Absorbtia si emisia in semiconductori

E A

=¥



Absorbtia si emisia in semiconductori - 2

nnnnnnnnnnnnnn

eeeeee P

rh (hw—E,) ,m =mm,/(m +m,) (45)

Rypon (@) = T A(E,.E,) f, (E,)|[1-f,(E) | p,dE, (46)
R (0) = [ B(EE) L(E)[1-1,(E) ] pupnE, (47
!

B(E,E,)f,(E)|[1-f.(E,)]|pyurmdE, (48)



Inversiunea de populatie

R > R,,. (49)

f.(E,)> f,(E)

stim

E.—E,>E,—E >E,




Homo-jonctiunea p-n

+++++

il_{__:_-_":.": '_'_"E
—_—— E

| =Ig{exp(qV /kT)—1](50)



Hetero-jonctiunea p-n

E —_— T T Nepolarizat

fv  p-type Active E,
E‘U

s, B s o e T Efc

FEon o b

RATA A e Polarizat direct
Y
R s f&
¥ors E,

p-type Active n~type



Confinarea simultana a purtatorilor si cimpului

n—type % p-type
7

|
pe————>
Elect | ~02um | conduction
gctrons I band
I I I
) T I |
%ﬂ Band gap I
i | | Valence
band
+ + + + + +
Holes
! |
e f [
5.1: # An = n1—ng
2
| [
I I I Mode
| profile
=
& | |
d
| |

Distance



Materiale semiconductoare

Bandgap wavelength (um)

10 5 2 15 10908 07 06 05
[ o~ T SR £ B I O O N T T

Lattice constant (R)

Bandgap energy (eV)

E, (X)=1.424+1.247x,(0< x<0.45) (51)

E, (y)=135-0.72y+0.12y,(0< y<1) (52)



Jonctiune p-n

R R
77int — T — r (53)
RtO'[ Rrr + Rnr
N N
Rrr EE Rnr - (54) — Tint = dil (55)
T oy Tor + Ty
R Rspon stlm (56)

R..,+R., :E(57)

spon
e

r.'=A_ +BN+CN” (58)



6, =arcsin(1/n) } P —n (h_a)j | (59)
/ int int q
p-type u b o
I:)ext — 77ext int — 77ext77int (T] I (60)
n-type 1 O,
Mex =E£Tf (6)(27sin@)do (61)
S(0)=S,cos (64) T, (0)=4n/(n+1)" (64
2
7. = (NA)” (65) o = ——— (63)
n(n+ 1)2
d P P 7] hao=qV,
Thot = Pe:ac — V0e| = NextMint q_\z (66) —> ot = NextThint (67)



Output power (mW)

Responzivitatea LED

| I | | Pe ha)
R = T = NextThint T (63)

20 100 150

Current {mA)



Spectrul unui LED

Ryen (@) = AJhr—E, exp| —(ho—E, ) /KT | (69)

KT
hao = Eg ‘|‘7 (70)

AV:I.SkTT (71)

1.8:1.38-107 (3/K)-300(K)

~11.2TH
6.626*107 (J -s) ‘

Av



Raspunsul la modulatie al LED-ului

dN: N (72)
dt qV

1(t)=1,+1,exp(io,t) (73)
N (t)=N,+N,_exp(io,t) (74)

N, =71, /qV  (75) Nm(a)m)—TC'm/qV (76)

(@) 4o,
N (o 1
H == 77
(@) N, (0) l+im,zr, 7
J3 1
1:3dB_optic = (78) f3dB_eIectric — (79)

27t 27T,



Dioda LASER

*Emit puteri mari ( ~100 mW)

*Emit lumina coerenta

*Fascicolul emis are o imprastiere unghiulara mica
eLatimea spectrului este mica

*Modulatia directa a diodei laser pina la frecvente mari ( ~ 25 GHz)



Optical gain (cm™1)

Cistigul optic

1
250 |- N =18x10!8

200
150
100

80

|

0.90 0.92 0.94
Phaoton energy {(eV)

{a)

0.96

300

1.0 1.5
Carrier density (1018 cm3)

(b)

g,(N)=0,(N-N;) (80)

2.0




Reactia si pragul LASER

CURRENT
INJECTION
ACTIVE REGION

X N
b~ ____L___7z_+

CLEAVED FACETS

Ry . . Rz
iz\emm MEDIUM;E
MIRRORS

z=0

zg=L

E0

R, = (”—_lj 81)

n+1

exp(gL)RR, exp(—a,,L)exp(2ikL)=E, (82)

N

” I I
g :aint+_1n( j:aint+amir :EO

2L | RR,
2kL=2mz sau v=v, 2 =mc/2nL

(83)

g=1g, (84)



Moduri longitudinale

— ——— —— — — ——— —— ——— — —— — —— —

LONGITUDINAL
MODES

METAL
CONTACT }CURRENT
MR EE k. I ,
FREQUENCY 1100m

Py -T | A

o b i

/ 1

n-TYPE

Av, =c¢/2nL (85) /m _____ G [
Av =c/2n.L (86) ]

FACET

n, =n+o(dn/de) (87)



Caracteristicile laser

eCaracteristici in unda continua
eCaracteristici de modulatie, la semnal mic
eCaracteristici de modulatie la semnal mare

eZgomotul laserului



LIGHT/FACET (mW)

Caracteristicile laser in unde continua

A~ |.3}.Lm 50 60 70 B8O
10°C 90
20
30
{/
* 7/ 100
O

/ﬁ;c_
|

-1
Z-p

100
CURRENT (mA)

150

200

d—PzGP+RSp—£ (88)
dt T,

<

d_N:l_ﬂ_GP (89)
| dt q =,

G=TIv,g,=Gy(N-N,) (90

Gy =Tv,o,/V, Ny=N;V

= Vgacav = Vg (amir + aint) (91)

L, (T) =1, exp(T/T,) (92)



Caracteristicile P-1 a laserului

ly, = s - (N(ﬁ' 1 ] (93)
GNTp

P:(Tp/q)(l_lth)’ 1> 1, (94)

1
PG:E( \Cir | HOP (95)

ho 1o
P — mt ~ mir I _I 96
e 2q amir _I_aint ( th) ( )

dP, 7w 1. O
€ — Cu — 1n mir 97
dl 20 4 T4 0 +o (97)

mir 1nt




Eficienta cuantica externa a laserului

rata_emisie _ fotoni 2P, /hiw 2q P,

Tet = ata injectie electroni /g ho | %)
Ly,
Tlext = Tly _T (99)
2P,
= 100
Thot V1 (100)
ho
77tot = 77ext ~ ; 77ext (101)

Ve Ve



Modulatia laserului

(dP P
—=GP+R_—— (88
dt or (88)

p
iIN_T_N_cp (39

dt g =,
(t)=1,+1,f (t) (102)

G =G, (N-N,)(1-£,P) (103)

9 LA GuN-N) | (104

%




Modulatia laserului




Modulatia de semnal mic

f (t)=sin(w,t) (105)

{P(t):Pb+|pm|sin(a)mt+¢9m) (106)
N (t)=N, +|n,|sin(a,t+y,) (107)

. RG, I../9
_ 0 )= b N 'm 108
Pr (@) = Pu|exp (i6),) (@, 1o ir,) (O - i) 1)

0 =\JGG R, —(T, —T\ )’ /4, Ty = (T, =T )/2 (109)

I, =R, /R +&,GR ,T'y =7, +GyR (110)




RESPONSE (dB)

12

Functia de transfer

Ib fIth =162

! ! i
A=13 um

I ] |

0 5 10 15 20
FREQUENCY (GHZz)
P (@ Q2 + T2
H ()=o) R 111
(@) ="5"0) ~ (0w v it (O~ i) D




Banda de modulatie

12 I [ T

A=13pum -
" Ip/Ipc162 H

RESPONSE (dB)

0 5 10 15 20
FREQUENCY (GHz)

f, o= ZL\/Qé +I°; +2(Q‘F§ +Q:T2 +T, )1/2 (112)
7T

S, [G.R [3G
o <Q, = fe~— "t~ =5l 1,) (113)

27 472'22'p 47°q



Modulatia de semnal mare

4*| i | 1 T T | T I ] 1 I I 1 | i _4{}
Iy =41 I
3l 2 GG, 0 i
. B=2Gh/s '%
jo2
5
o Ml
3
P
IR SR s ] [EOar] CRreva STt NESEr Letour (s LY [ N7t TRu e | -0
0 05 1 15
TIME {ns)
1 d 1
ov(t)= ¢ _ L Gy (N-Ny)——| (114)
27 dt 47 z'p




Zgomotul in dioda LASER

dP P
—=GP+R_ ——+F,(t) (115)

dt T,

JIN_T N _Gpir, (1) a1e)

Te

1 eun-m)-Ler ()

Tp

0
dg 1
2

F (t)F, (t'))=2D;5(t-t') (118)
Dy =R,P,D,, =R, /4P (119)



Zgomotul in dioda LASER - 2

C,, (7)=(6P(t)6P(t+7))/P" (120)
RIN ijp exp Ia)t dt (121)

2R, {(er ro )+GN P[G,P(1+N/zR,P)-2r, |
Pl(Qu-0) +T2 || (Q+0) +T%

RIN (@) = (122)

0, =\|GG P~ (T, —T )’ /4, Ty =(Tp -Ty)/2 (123)

[,=R,/P+&,GP.I =z,'"+G,P (124)



Zgomotul in dioda LASER - 3

~110 .

POWER (mW)

RIN (dB/Hz)

FREQUENCY (GHz)

1/2
= (125) SNR:[ “n )

RSPTP

5

(126)



Latimea liniei spectrale

S(a)):]iFEE (t)exp[~i(w—a,)cdr (127)

Fee (t)=(E" (t)E(t+2)), E(t) =Pexp(ig) (128)

<A¢2(T)>=%|:(l+ﬂc2b)r+ B:b [005(35)—efRfcos(QRr—?)a)ﬂ (130)

21, coso

b=0Q,/JQ2+T% , S=arctan([/Q,) (131)

Av=R, (1+4)/(47P) (132)



Latimea liniei spectrale

Spectral linewidth (MHz)

100§

10:-

0.1

L Bulk (L = 400 um)

| MQW (L = 400 um)

| wyﬂ/
L MQW (L = 800 pm)

4

0.01

0.1
Inverse power (mw1)



