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L 3l wt® gu@) = au(@) (& FIu ) + W (F) (¢ F) gmi2)

Jon s mly a fqncﬁm of 2, So Fgmci) = E?‘c}m(%) = /ngffvmcz)

—Tky
%/ B gﬁ 3 ~A .k - P \\ ;B r |
e -k (i) © TERMC RN [0 (2) (¢ Flu(F) « €szme‘2>]
’( : E’)P phase

Aol(fdg* ¢C%)3MCz>>(f——u @) (¢ )uv6F>>
(/d r *'I(kt—kt—)f b, &) €z P; 3M62)>< Lu M*(//,,(F‘))

V0
I(Et kﬁ )F

>(f42 ?, fz)jmtz)ﬂ f wke) (6P ) (R )>

| AO » =/ —_
W= b 3R (8F) Jiz 81 3,.02)
T A N
COnSeyvartion °(> mo wentum wnﬁwrr derection
fmnsw‘& MoME by, N\a'i'HX derrant selgction vwles

for periodic parts of 9

R .




= folavizetion dependenc of interband transition in guantum wells
T To ‘Ma\jze this, a detailed kP m%odologtj is weeded to Tirst obtain
the dispersion relations {\'Dr the conduction band, HH bgnd, and LH band
This is  dore 'Firs+ bY da?(v\(nj k= ks | o
* Then a @ordingte rotation is applied fo the N,gufﬁnj Wamefqncﬁ‘ons fo

Jet o gereral expresSSion for Ue, Uan, Uy

, A o 2 . . . . .
- The waatix eleents |g 'chl' are polavzation ~Tndependent tn a bulk Semiconductor

> noa Quantum  well, define 2 1o be the confirement direction, and let &
be, e ahjfg oF E from 2.

Z /;114 - The matnx element fé'ﬁcvil\éz
2 5 e § N
/ 4" /7 | TE: g=X or y ™ e = 7
,,.// X f/’ C‘HH 3. 2 2 3, =
—— — v Fransi tion 4 (1+ cos 6)M\, 2 smO My
(K m-Fers t the electron C-LH s 3 2 1 3_"_1_ 2
/ o= >0 + S os0)M
not m Pho'{’m’b) 'Hunsifion (4 4‘ Cos )Mb L 2 ) b
SWV\ 9 : 2 o
C-HH, Ty 2My |2

Notes :

+ The sum 0": the C-HH, C-LH watrx elovents s polarization
Indepen don T

*Uf 0=0 (K i plare of Gu)
B NO C’HH transition J[\‘ov- ™
= Weak (C-LH Transition for TE

- Bdnd ?—dgi:
HH*C : HH _ 2.2 W - HH-)C "Csponds S'\'YDY)S\ to TE,
MZ—; 2 My, MTM =0 ¥ W‘Cakly to TM. Y
. - | LH
SARACE MTE N EMbZ/ Mwm = QM;

> LHs ¢ responds S-hfvnglq 1o ™,
weale o TE
For opfical amplifiers, polanzation independen e

is desined. To get this in a Juantum well|, fensile strain s
used, fo make the HH and LH “transitions roughly balan cod



= lnterlund transition selection wles
The intercord selection vules are detrevnmingd b\f the term,

f: Bn(2) g (2)dz ~ [: sn( o 2) sin (Gr2) dz = Smn

t 8
g — valen 2 \laterpnd Transitions are only alflowed
susband, Subband "
between the mth subbands of He conduction

ond valeng Yands.

Guantum well interoand  absorption and gain
The gereral expression 1S the same as in the bulk case,

3(‘Rw) = —d(kw) = Co}e&'ﬁcvyzf:p(kw —E3 ) fgcﬁw—E_c))
whare the differenas are in:

(") The momentum ™atmx elewent Ié\.ﬁc\,\2 has o rew psolanzation
o(apev\des"m, and Selection ryles between Subbands

(2) The Joint DOS (s now given by &‘
my ¥
PP h—Eg) = Do ol H (o - Eor) = 2, L, H(w - Eon)

where EZX‘ = (Ec+ Een) = (Ey - Enm) = Ej + Eon t Enm

PrZV ({«W::? 5 CKAA’)AH
T T;O\L I."- _______
A J ! r——— »Ji . L :
| /i, j gain
1 : ez =
r = m¥/nk’Ls _
i \ P ‘ 894 _ NG .
i § - t > — — e N e ' s Lo
B BN BN ER By Rl K £
E a‘bso")O'hbn,
]
Y




. Tmr\qumnc% wadition. W a guantum well

Consider an U_ﬂrdoﬁd, Mmﬂe_d %qul'uw\ well . and use the bullk valves °f
clecton and hole ?.‘H:ecﬁve masy ((which s vno¥ qud.(y valid)

' The 'i'V‘GwsPar*encY condition occurs when AF = Rw. What s the

Carner O\WASH'Y whot this occurs_?

oS T
N = Ters w (1 + ¢

W3 (En) = F)/kT
P s m(lee )

(Fc‘ (Eg'f Eu))/kT)

were fhe trergg S referenced to the bulk vatene Guel By =0,

Eq Now netie that the ‘\'rqnqumna( condivion tmplies
Fyssee=cd . _
v . ],A\ AF=Rw‘E3"Ee\"’EU
= Fc‘FV = ES + EC\ + En
Fc - (Ej +Eq) = — (”EM “FV\) = A-KkT
“‘ﬁg : f!ﬁ{{r
‘ ]tm/ N = *hla b C [+ (’,A)
_ ot ET -A
P = i ln (, + ¢ >
Net r\cu’rmli{—y in an uﬁdoped semiconductor Implies N =P
> mf (e e®) = m¥F W+ e ?)
¥ {
Numm'cqll«r sdv:’nj this \{Sinj W"'/'mﬁ = 7.5, which may be accurat j\\—or an
Wnstrained  Gabs quantum weell, with gt < 0.067my :
A= L4 ; ‘H\nv‘e{’or{:
m kT all ,
Nie = e WCl+e®) = 1 (12x10%wm™)
Py = Nir = 12 x 10'% cpa 3

A =) .4 This s 'H“-Q_ MCQS.SO.I‘T cuwrent dewsit .Fm.. 3‘“"‘
implies that F_ les . T omur Note aqair That this andly sis hotds
inside +he esndyction and OMY ‘For AN undoped, Unsirained murbm'qu ﬁr
and oufside the valence the €‘ﬁ‘c0‘\'s o‘? stmin and do Ping, see §@)

band at {'mnsparena{, dve
fo effective mass asymmetry



* Quartum well infersubband transitions

15 T
. \hfﬁ"Su\o‘oqnd Transitions respond to erergies 0\: Eel"_Eq = 2Mé< 1, E)

lé?mV 'Yor Lz—-—lO'\M
* Transition matix elewant ; Ga AS

The wo«veﬁ:wncﬁons are
! _ L “E;F <“— iSJr e subband
0y = UAF) JF e b, (2)

__L__ “A/.“
“)> i %(F) J',_L\’elktlo ?&_(2) -— 2»\0\ ¢~ subband

To evaluate Hba, T is easier o use +he altemate J\\-bww

A-"./'A Slow
~E R, - ~Ey - <blgFla> 4’7"

&

)
(Hba

~

n ~Tk{ B = 1
= 9B ¢ - fué‘(F) T,i:e | tPgbj(z)r Ul®) [ ¢
A (k —k{)
"ZEoe-[/uﬂr)uC(r)Ql HA e tf“]fq”éé)écé)%dz;

* In Yhe above S+ep, the x omo\\( components of r~ vanish because
|‘n’re3ru1'in3 (w2 + 3g) @{‘(kt_ktl)'f) retums )

l',‘th ¢C'Z) dgrg

e

* Note that:
&*F
/ ¥("'))4¢Cf') O- = i
[ a5 >'Pdp - SR )
> MUy = 9B e [#h§@zdda - SR

[ - e ) AR

Where Mo =% J Sbf(a) ¢| (2) 2 d2

dipole morment between Subband ehvelope {:\md’ions



- Polanzation dependence of intfersudband ransi+ions

Not that the dipole momenmt (s always polanzed along the confinement
Qirection, in this case 2,

r/)_{b; = = Eo (é\ 2’_)/194 : 3(,‘—'\(; —th/>

/

. )]t the Thaident f'ie(d does not hawe a Comporent
along 2 there will be no tafersubband matnx

element; e. nhesponds only to TM polan 2ation

h H: E s polariaecl at an dV\qle (8] Away fmﬂl 2‘\_,
He matnx eement diminishes wity B

Hey = — Eopiy ws® - 515 - &)
Even Morg. 3@%[[3 :
¥ An electnc ‘Fl-Qld tan Mmduce an  nfersyoloand tronsition ff i+ hag o

omporomt q\or\g one 0? the CMF"'\U"\M‘P directiong

¥ If there are multiple onfinement  directions (e . puantum wive ), intersubband
fransitions Can ocecur iﬁomj any confinement yivection That is excited by a

nohgerp CoMmpones of E.

- H; E s polaw(zed oﬂ[!’r dlon ore of the (by)“:i(\.ﬂimiq‘l” O\ff*ﬂ.(:\’foﬂg, It cgn O,\\y
induce Transitions belween two subbands of +hat one confinennont direction

~ Absomﬁom: jnter-sulb and

ol(kw) = /7;1 %{I]hEo é\'/‘_fu ‘aﬂ(E::—RW) ' %Zk[fc(Eel) - chEu)]

? t 1 ~— y
inadent fHux tnatn x ewnqt, consewa tion wuvm'ﬂc, all 'nitial and
normalization element Tonal” stut g

' EV\QH” conservation : W"“J'\O:+ ACcounTing for energy bqutzmnhj/
4
(Ee, - )Cw) = SCEéz-f kw) whiehh has an fnfinib, peak

y
- lnstead, use a L orent2ian
1 J/2
- J JEC —Kwd = T CEF— fwy «(J/2)
This gives the shape of the absorption
El’)—

. — S Spectrum o/ (kw)



' T\r\o_ Sum over stahs gives:
# er m

% ZK'I fc, (Eu> = /\/’ < subband 1.
2 _ -
Y Zb. )CV (tﬂl) = NL <« #e~ in

Subband 2
Then +he  expression becomes :

I zrr

m Eo¢ /uz‘ ) 3(&52_ t‘“’) CN, — N.?.)

Kw o

ol fw )

#

i

_;:Sopnr ’6 /’l2_|l j(EL[ —R‘U>(N —-)I&> | mfﬁ (s Pmeb"r a
‘Fach:r of Yo wissing |
— - in fmvﬂ' of E inside ﬂ}ba}
Which selects the |

- _ S f
W L N-C ’6 /“zl| (Ee' —h) C/v/ _)Vz) ]tofv;ard-j-;imj ware

When in*vgm{zd, JS dw = 1 oand we can assume It is

‘adividual L (
narow  drpund Ezl sp The w out {"‘Mf can be pulled out: M&Lz oln b:/ Ei)\gz}\lmes

7CE§;1 A 2 OJGW)):
fd(hw) dChw) = sch /3'74, (N, —N) j\ j\ }\\ A 5
At s s DN

hz h3
>LEnw E* E; BB EL3 4

» fbsorption as a function of carmer conam hmhion

0ne otk subbands qre {Alled e

number O‘F possible  Transitions does not
\'\qnae/ <o The QbSOY)O-hOn coeff:c,am'f’

—F fends to satumbe
O(,(JR"'\)

A
(
.-" |
(
f
f

v

only the fiest Both sf.tk.mas —(;;___ — oy
subband is Jilled i TrTszz E“

= More  rigorousiy,

Ny =N, =N, /f N, =
. mf ef
M=k = Mz(ﬁ"EeI) B rct’Le(F - Fer) = ohele (ECL'EU>

f(xed /




* Intersubband LWction rules

This s Jovermed bj

L
/OZ 7{;(7&7 . (2)dz is Zero ff the infeqrand 1S odd

So as lonj as ?5,,\ cnd ;5,M have diﬂ\emr\' mﬁ-%‘t’_ (ce. ore is even
and ore. s odd), Fhis fn’mam\ will be nonzevp

© Thus, the allowable Transitions are

152 21
1‘>"(~ 253
14 25

* Quantum tascade |asers . gaia 1 iater-sublband transitions

- Form a hefergjuncrion  superiattice, in which the evergy bands tn vewy c(osely
Spaced %uqn‘{'um wells are shongh/ coupled

~ The QCl. is baused on a 3-level system:
tunneling

Tr= 0.2ps W = 300meY
. P (4.2 um)

¢
inyected o—| /] (\

el ctron. Ea 4
Ec -
[BRNE
T (i
relaxation
via phonon interaction — InGalg

TGy = 06ps

- i’ + . i AEc ~ 520 'Me\/
unm\mﬂ
Tra = 0.5p 5

- Due fo the slow intersubband radiation prO@SS (Tgl =

4.2ps) relative 1o the speed
0‘: %‘\h‘nf) ES and Q,Wlp-l'binj EZ/ The POP“\QT!'O\Q P

nyersion |s very efficient
© Dre. injec'kco\ electron can produce several J‘ﬂframd photons as i+ +ravels Fthrough
Hre superlattice  (cascading, or camier recycling)

" Yery useful emitfeps in the mid-IR and THz range



- ; , a
) D|H:emnﬁa\ Jaln o_l'/%/ the rafe at which jat'n fncreases wWith The nuw ber of
’\”JEC'EEd carners  ( imporfant for ole‘ccwwfninj modulafion bandwidth)

3y ~ 0, 18- By 1" pr ch) (f (B - Jo (E)

- Co lé('FoV) [ﬁr(m)fc(}ze) ‘“)Dr C'h"\)) fv CEk)] ’
= glépul” [/)r (o) f. CE) + prlhan) () — , (B = p, (o) |
e L . el
& %(Q) = o%ge (E)

- Sina prois proportonal o the density Df state s fe /DA, in erfrer band,
fhe two Ferms  above oomesponol app o ana'Ezll, fo the Camer ofumHy (per
unit evergy) at the Two kand edges E, and Ep

= Thus, :‘f Hhe band edje camer oLe-nsH'y 15 a sensitive -fqncﬁ'on of +he
Fermi leve| positions, the dfff"""v"”'““’ gain becomes Iarjer. This I1s
achiered whea Two conditions are vref:

) P 's Steep at the band edgqes —  use a guantum  wel

2) The Fermi levels lie close o their respectire  band &dy“/ e TG
Occupqvu’ func—h‘ons ﬁ, fv chqr\?e amast rap.'d(7 qf .H,Q Fervvn' Jevels
—> use S‘ILqu o 3&‘[’ SjMW\e‘('h'c_ electon and hole bands

//ﬁ, l"l Ga AS




@ ESprd'qr\o,ous ev_m‘ssioa

* The most ]tamous denvathion 0'\> the

sponfareous emission vote invokels
Einstein's A& 8 cac)t‘fl'cl‘en‘l's :

spon i’n'm, R spon ‘
Ra Ru - Ry = Aa (i -F)
El | stim
Qz] En Bg_, fz,(,\_fl . P(E2.|)
/\hg ~ :; ~ RI.L = Bia (I - fz)ﬁ P(Ez.
= ® photo ’
£, | where P(l:z.) = HT ‘<’nph>'/0ph(gzn>
I roN
Bose - Einstetn Photon DOS
distibute thy =Es
Ehg*’on density of states stabution at v /
First Find DOS in. K-spa, then use the phofon dispersion relation
t
¥ i - (onsider a sphencal shel| in k-space w/ radius k
4rk?* dk .o
e T, <2 rd avizartion
o (ar/i)? * T s
2
n = /Til dk
Coervoluwe)
Now wuse E = hw = ﬁ;’Lk
E m
= 7. %—5 , dk = ﬁ dE
2, 2
= —(-— _& __/L 3 2
? O(’V\, = 2 T ke dE = A n” E

Tz 3.8 dE
! _ SrnE?
f)ph(E) C h3ss 1 photon DoS

Meanwhile +Hae Bose - Einstain  d'stbution s

<0’(Ph> = eE/KT _ I
Thrs represents +he expectation value of the numoen of ‘photons That
occupy a state af ereryy E, derived fom stafistical mechanics



I thermal equitibrium,

™ v R = R
Ao 2= F) + 8y 0 -F)PCEL) = Bafiti-$2) PCES)
PED [Bafi1-1) - Byt 0 -] = Aah O =)

- Azl'Yz(\‘F!)
p(tu) - Bt () - fz) - 8. ‘Fz(‘ ‘f‘)

Recall +hat the Fermi- Dirac ocCupancy s

-}:| = Jf(E,‘) = JE-ERT,) | - {:; - o (B- 8T
- l (B2 —EpD/ET
2 .F(EL) a (E,-1 k - = :
¢ (BB /ET, {7 | 7t’- . p(T— ER)/ET

. ) l
Al He Feoms products have +the Sama  denominator, so:

(E,~Epd/kT
Pl = (E -éz;/eu - B hat
B’le 27 OF _ 81' {CE‘ Er)/ kT 8]2 e(Ez"El)/kT__ B
Bguate this o fhe Known photon density PCEz) .
PCEy) = E é?\' N &%lg—’fi |
Bp_e N _ B,_,| c3k eEz\/kT = |

<Az | . S’ Eay |
B[l eEu/k—T_‘ ﬁ c? )13 eEM/kT

This e%ua‘\'ion imwvzdiatdxf ™Mplies :

|) Ba = Bay @ fhe stimulated emission rate eguals the absonption rate
g E2

2

) hy = W) By

L> proportionality betwean, sportancous emission
and abstrption pre~Factors



= Recall that the absorption COQ‘H\-\'cith \S
ol(En) dE = —9(EZ|) dE

Meanwhile the spontancous emission rate is

’;_, (Ez\) ) /421 fl (l- -F')

3 Eay
B E::t‘_g l) Bzi fl(.\ -f|)

. (5’“"1352? € o(Ex)dE
c®h? n

i f2

T8, L - 1]

(Ep- F)/ET

Fermi saverston

/ Fac‘for x =\

' 1t1(\_ f\)

(5 -FO/ET \
= g

[0 F)/kT \][ , (EF /T, 'l

|

(Ell—AF)/kT_ I

_ frm’En | -
G\(Ez\) = _lczh—s—‘ %?}?_ OL(EJ_\)
Whane
(E‘* F/ET
-t ¢ - .
- B - E\- F/ET
W-h [e(EZ Fe) kT |][€( \ i ‘]
(E\- F/ kT
e —
= ~F )/ kT E~Fv)/ET
0 (E, ) B e( {
s also depends
Nre{tore : Vo'te *”‘ﬁf :,V:’,'sniafw apbo?e transparen cy
Fxm*E> [
,Ep ( E) = c2h?3 «(CE) e(E ~AF)/ET l

This is +he Roosboroeck- S\‘\ock\g<1 m\q-ﬁon!

r:Sp N

(3p ()

Spontancous emission rate
< #/5. w3 QV)

© For E<<AF, lasttem > —1
b For E>>AF, IO\S't‘ ‘t’em > O

* On this plot, ole(jna‘b; emis sion

as positive, absorption as Ngative

© Mt ransparency, E = AF, the

Bose-Einstein. distribution blows up
but this is balancd bl{ o going to
0 dee to the Fermi inversion
factor



Sportarcous emission lifetime : an altemative expression f'or 3p IS

B li) = T =) [ f.(R) - (1= fuce]

e _“‘v"__‘_"'--___._.--"

fe('kw) ; pm‘oubiii{'y of emission

Equate fhis o the Previously denved egpression:

9?’[71,152 | )
FyUhw) = “gops d(fw) (-8R Top frCiwo - Eg) f, ()
8 rem? () N [
T hs §URw) T E AR Ty PrCho-E) fo (Rw)
Frn? (ki) A = (2 |
c?h3 [C‘))elf%vl /Dr(k“'E3)f5(M)] | —(E-aPZET = j’rCKw—E:j)ﬂCEw__)
Tsp
Recall +hat
hO-f _ fo-f) _ -f, |
f\ - F). ‘ft‘_ . )Q\/ 'JC N —FE—-A—F)T
)| ¢ =]
i
Sren’(h) A > 2 [ /
; , A K S
> h3 Co}e PCVI (fe, ]L,_'é(E~AF)/kT) - Tsp
So -
c*h? N P
TSP = Bun(hw)” Co ’e«’ﬁcv,a

ultiply
e ([ —

_ he® g, emy |
S 2ptmw & par |~ A

‘[‘\or‘ semiconductors
(interband )



@ Effeci's of dop(ﬂﬂ and S{Tqin_\

¢ Threshold current : the Hreshold cument s best der wed -me the
rate equations in sfeOdtr state (see §9)

- At transparendy o at threshold, S 2 0
4N_ M L Nan

at = gy T -0
The turent mus+ exactly balane the rate of camer loss in steady state:

i 2 . .
[Eh' = —%I?F[AP‘H‘L + BN P + CNH{PHL]J (m—hpe active V‘ijon)

At Hhreshold n a Il -V opfoelectronic matenal, the vadiative vrute Usually

\9

dominates, so

&wd
I * %BNum = B B P

let d =Lz be the confirement direction and the Transwerse area of
the %uan'l'um well (s At = dw

l
> Tt = 7 3l BNu P
- Ht the puantum well is undoped, Nm = Pth so

Tt = ‘o‘;‘l PLe (BNg) Mg = “g_?' Nei

whene BN-H& s in units o«F st and Te =\/BN+V\ can be considered the
Carner h‘{-\eh‘m

- The Transparency current follows He same nelationship with N

?

| 2
I = ?;%LZ (AP# + BNypPy + CNgr P'rr-) A % 7Lz B Ner Py

In order 40 reduca Jtr, oand -Hw,mfoft Jth, we must reduce the
product Niyn x P,

Undoped juantum well ;

“ln 84, we jfoomcl that Ny = P = [.2x 10'% 3
lex our f(‘guv\e of' ment be T\Lr: mr = |.2 x (Olg

with md/mE = V7.5 md = 0.06%m
Ly = 0w



E-E-ch:\' o} dogfﬁ\

N -doping :
Chqrge Y\QM‘\T‘O““'\’ becomes N = p+ )\/5r whare wWe assume ND+ = Np
This becomgs:

wg kT M kT _
elez ln(l+a> Th™ Lz \VL(‘-F&A)-# ND

Le‘l’ No = Lx10%em 3 and numo.n'cq\lk{ solre the. above

> A= 242, Nar = .62 % (0'Fep 3
/Dh* = 6.2x [0/Fom™ > )—\Tﬂ— = l.0Ox /(O (?Cm
("//7% smaller Hhan undopeol!)

-3

Y -doping:
C\nqrﬂe N,u‘h‘a\i+7/ becomes N + N4 = P ywhare wWe dssume Ny = Na

This becs mes

¥ * _
@‘*‘g‘a—klln(l-feA) = i-n‘hig‘(n(lw*QA)*NA
Th*)L 3 nh2 L2

Let NA = {x IO”;/cwt'3 and V\\,(W\MCq“" solve «
S A= 0.87%, Nir = £7x 107 cm3

Pir = 1.9x 10Fem™® 5 Ny = 1.3x (0
(~ 8% larger than undoped )

/

& M-%

_Conclusions .

= To reduce +he threshold / ’rmnqumnc«’ Carrent density, Mm-doping is desirqwle
© This s dve to The lower effective mass of' He conduction band,
Vhich populates siower than HHe valeng bard for @ qiven shift in
Fermi levels

= To qe ¥ hk}(mr o\iﬁeremh‘al gam, P_"_dpﬁfii s desirable
This s because in He p-doped case, the Fermi levels ooth shift down in
energy and become closer to thair respective band edges

~ The cﬁed— on fransparency cument is relatively Small in both cages 'For
doping a 10 em 3 (~10-20% differena )
- Both 'l'\'pes of dopma will Sl'sni%fcqnﬂt’ increase the W\q‘jorH'T LV ver

conantration, dnd can 1ncrease Hhe Auqer rate qt 'H“qnspdf'ﬂﬂ('—‘( ff the
m\’non"h1 camer (Onaviication does not SQBS’i'an‘HaIIL/ decrease



-~ Overa\l, how does a guantum well |aser (mprove upon o bull \aser?
N

D lower thresipld cument, sine  Jy, = % 3d T, ;

- |n bulk, ol ~ [00nm o more. n a guantum well, d = Lz ~ [Onm

> Jox reduction
= Possibility of strain o f-ur'H\eV‘ reduce N+~

2) Pﬁ‘ih‘lﬂ _C_’s_{'ht_ﬂ_(‘ﬁ_”‘i"i"_ qain : -g-% is  enhanced 51 the steepress of “the
DOS {-und:(on. This (s desicable {:0?- exi'end-"\j Wodulation bandwidth

3) Reduced ﬂ?w{)mu{ c\m‘yp[‘na under direct modulation

« Berefit of strain

- Consider the hypoﬂuﬁcq\ case  ‘where ’Wl: = m} = 0.067Fm,
¥
We still have: N = %In(\+eb)

md kT -4
P= ey mUxe®)

Assume undoped:
N=P = In()+e%) = I (1+e™)

So: A =0

M{}owz;
et LT |
Pro =|Nir = “Ralg v 2

= EHect on threshold curent : Jin  goes down as Jp goes down

= B x IOHL(‘,WC3

There 1s a 2x reduction n N4 /

|
j‘h‘ i E%LZ(AN# + BN-{-?; + C}\/_,_f_) < 3[3*,_ of undoped , unstraired YW/

2% reduction \

4% veduction ¥ x Nduc‘ﬁbv\!

C fs also reduced b7 strain

* Nofe: the Lz dependence i Ny Oneels out i Jir,



5 Elf{ufs of strain on kand structure

= CompeeSsive strain: the QW has o "~ Tensile strain : the QW has o Smaller
larger \attice constont Yhan the subostraty lathie constant than e substrate
¢ [
aw TL LTl LT o & g
|ateral —4(;) ! L ‘ l o et P . N N {afgm:lsmn
Ompressisn, = erpa
NV [ /S NN

Ny

- e

Substrate

substrate

= Directions of strain:

‘Hn{dms‘i'a‘l‘!'c* egual strain i all 3 directions
2 Snifds energy lewtls (cham]es bandgap ) but affects an bands e%ua(\y
* Biaxral: strain along 2 of 3 directions (v«se,{lul for QWs)
* Uniaxial: Strain onty along 1 dire ction

Strain s onlxj possible |'f- the guantum well (s below q&jﬂm

wbove this Waickness, the fgthia velaxes to its nativg state, and gererates
mang strvctural o\zfcd's in the promsc

Qualitative band erergy shifts under strain |

Ht{dmsﬁ‘hc Biaxia |
. : ens(l H dms‘h‘hc 'EQI’)S(\_Q UY\S"‘W\ oM f‘eSSWQ COMP"ESSWf
Braxial + e { P

WL L ﬁ? AP

&
C _/SED
c ¢/
IH
N HH,H ;
HH « N h B -Q¢ HH
So So _ \ HH, LH /
\ - N LH
. So \ Qg
( Band shifts are not to scalel) So

———— ) SO




= To redue the Valene band effective mass in thy inferband transition, it
seems preferable to use tensile strain to brng the |H band higher in erergy
But in reality, Qmpressive stroin s preferable (for In GaAs) because the of fective
asses separaty into Transverse and longitudinal Comporemts in a QW
Stain & bandgap :  we introdue Strain tommonly by adjus-h‘ng "',\Q\GQ/IIV\ atio

0? in GaAs P Smwn on 'n P

f‘j A GaltS . Nofie that bY ocpp_lj\'nrﬁ tensile  stratn b‘{
|.4—7-'y T \ : Mcheas(ns the Ga content,
': - Eq decwases dve fo fensile stain effect
75\/ \\i comsp';'ﬂr:S‘:\fe _ E<3 Yacreases  due ) [qrjevr Gm content
01 ¢ T l ~ !
1;%"‘\3“‘5 | ‘::-L“-\.“‘_ d/
035V T : TN ahs
N i i - | —p o )\]Q'\' Q"Y-F ec,'\' /: E3 f!ﬂgm ses
5.65A SHFA 5.5 o
ClaAS \VLP ‘VIAS W/ q>PP|l.(_‘q+I.D"
Aa T of stress
o ~ 47 A
4p — a(%) Aa

E= e, =,

- Stress/ strain analysis

* Stress: delbom”""? fora PET unit area applied n 4 particular direction — p-
. S'[?am: N’Ja'f’,v\e cHanye In /enjfh caused by Ol.ﬂ,foryh/'nj for‘Q - 8

~ la 5&N,r‘q(/ both ¢~ and ¢ awe  3x3 tensors. We  will assume 07 <D ’\]C o
Ma,aninj 0”(7 nermal farccs O, 0y, U3 act defmn the /aHTQ,r nojshaqr .

rofation occurs. This means we also only consider &, =g
© The stress and strain are e lated b the Sti{fress tensor O .
5} ] Cn C:z C\S f,x Cu C-:z C|z : Ex |
D\:f' - sz C?.J. CZS 87 g CfJ_ C” CIl 2“{
05 Ca (, Cnll & Gy, P Ty || &
k/ A
Cubic Symm{-w[: -
- All d(’qjo,\ql eloments 65\4“{ — Cu
- ML oﬁ—-diajonql elopnents egual - Cia
Biaxial strin ; O =0y > 0 (tensite) 0x = 0§ < 0 (compressive)

0 = 0



" Qonsider 0% =05, 3 =0 S0 we also have & = gy

\L-Z’
-
0-)(3 - Q" g)dj t Cfl Sxﬂ + C|,z ga "ZCI_')_ x T

Tt Cy

il

0 = Cp 3)(3 t Ca ij + ¢ &
* Dnder biaxial strain, the deformation
Momj 2 wil be opposit in 5qn frow\
the &Foma‘h‘on qtonfj ')6,7
(like Sguuzinj effect)

== Combfninﬂ this with band structure models, We get:

2C:2
SEQ‘ = QC(Z)( & 87 t 2;) = QC-<22x7 - a 2;1)

Ciz A= de-ay

SEC - 20‘(‘_(, — ) £)<7 = hydwstatic potential
pi = =2ay (| - %l‘ ) EyY b = Shear potential
= _ &
Qg b(1+ 2 e > Exy

whare the o\efini'ﬁons are.
. Ass'um(vyj a direct \oqndgap, the band eo\ges
(at the minimum K=0) are:

c SEe
N ¢ Ec = Ej (%) + SECC')C>
i +if— LH B = -F(x) - Qs (v
L e N Em = -P (x
< o () + Qg (y)

Whene erergy is refecened fo Euy at k=0
Wﬂ-houf struin. p

Tensile vs. compressive strain,

" Tensle: 8Ec <0, R <0, Qg >0

Compressive . §E. >0, P 70, Q<0



= The dispersion relations away from The anter 0'f K-spag are given by ;

) L S P
B () = —BG) - Qe = ga ki — = ke (without valena band
_ k> e 13 2 Mixing )
T S e e
k:o mV\SYQT‘SQf long\"\'ud\'ne(\
dispersion Adispersion
TT-nnSpqhem/ carner Aul.ny
' Use M o calalate the 2D DOS (Which goes tato the gain expression )
© Dse mE o

Qulculate Yhe (’J’\Ug\’ lovels of the QW subbands
- Eifech‘ve masses : HH vs. LH

™Mo y — whee X, % >0
¢ _ m = re ty 2
Mpn R £ / sh }/I ¥ are band st ctune
parameters
mé - o 'mﬁ =
hh = Y- 2% ! Yo +270a

ln a4 %uan'i‘um.« well,

The L\va hole has o lghter transverse effective vmass!
2 HH - ¢ “ransihion s pnq-femd to reduce Ny
The light hole has a lighter longi fudinal

Q‘H:cd'l'v‘c Mas s
The Valwnes of the effective mass Ichqnge, with strain, however

/

X An unstrained Zuav&um well seams o Zave o DOS

adVan‘f‘age
over oo bullk |aser-:

transverse

l) HH has a lower DOS +han |H Mma QW
2) HH has a heavier m?, s it

Is closer to the conduction
band than LH = HH > C transitions

are, a\beQdk,
PN{CNA over LH - C TransiHons



-~ The derefit of  strain:

Tensile  strain QW Unstrained QW (dmpressive stryin QW
2 |\ E 1'. E 4
\ / el \
\\ cl 1 cl
\_ P s \\\.\.
k kx
L}_ﬂ_ﬂ‘:‘!;‘mﬂi_ . X;’ S ___)7 - B k;'f
o | '\\ /“ _\. HH’
Ve ot X //’/ \“\L\\ / \\.
&‘ oand | / 54 — _l > HH2
Valgn an, - *
’ m?xmg ' HH 2 ' \[\J://
+lH1=>C4 pm?ewo\ + HHL-> Ct p teferced

* HH1 501 Purther

(wot desirable ) prefermed (dosirable)

= Compressive  Strgin, ™oves the LH bands Turther from the HHW bands ,
@ lower valene ‘oand effective mwass

HH = ¢ Yransition

leadinj to
dve o a stronger preferenc for the

2 lower Ny, Jth

¥ -
= A ower my, ( more comparabole to fYY\J) also bm\as the  Fervn; levele  closer +o

the band edges on ‘both sideS. Sine the  Ferwi occupancy %\mcﬂon c\r\anges
most topidly at the Fermi level, this means that the camer dons (ty becormey
more  sensitive to Fermi lewel shitts

v lacger differential gain  dg/dN

(this can e achieved with P-dopin7 as well, but this incregses Ny
dve fo the extra holes that need t be supplied)

* Polanzation dependence

" Compressive strain. most fransitions are HM>C, S0 the gain is wore responsine
to TE polarization. (also the 0ase with unstrained, but less s0)

o Tensile stain: nost Fransitions are IH>C, so the gain s more res ponsire \

b T™ pD{am‘Z—,a‘h’oV\-) at wodoretn tensile strain, +he 3qir\ (s 'fndependen't' of polanzation
(desirable for optical amplifiers)

y _Comphe-sds_im —;_gl:{ fransitions = TE l ]_Wz_eh_s‘leiﬁ U—\Tmr;i;ov\s_ _—_9_TNT\




@ Bzi:cm_juncﬁons a_nd the Vouble _l_—\e{'ervs‘l‘wc‘l'um\

- A*‘mmma the ﬁ'mnspamvm’ conditionn. &OF = Ej 'S &incul’f t0 adhieve
ih pactie in a Normal ‘Pm-diode; because the current becomes feo /‘7"961

Today, most lasers wse The double hetevos tructure.

Affer contact, line up
the Fermi levels:

f 1 AEV
Evi p
Gaks MGoAs Band bcndin3: e frans fers
79 7 out of N-type in this part, so
It Gends upward
- Elecrostatics
o Clr\avvje d,a,nsi'l"’: * Hectne field: v Potential : &
Pa N {E
desaontinuity
ja slopt
~
| "u ?x e e |
% “
SS'S aun = ¥ r d_v
(au [ ax P Porsson’s e : T 'E(DO

- The built-in po{:mﬁq\ IS :

gfy = Rm R = Eger AR - (Ev =) ~ (Fp - Evp)
' N,
- By ¢ AR - kTl ML e B

Na No

7)\/0 = Eﬁ? + AEC + KT ln_, NewNp

fom  Fermi levels
v befw\e contact



- Built-in_potntial
I =
UV Egp + AE. + KT 3 NcNNVPJ

<0 lf noh-dégemra{—ghf doped
(if degemm‘tzw doped, this expression (s l‘r\vah'd)

- The Valdneg band Ey (x) ]CO//OWS =7 $(x), but with q discontinuity of AEv
at the junc‘h’ovk

- The conduction band E (%) = Ey(x) + E3 (%) ; ogain, Here s e
disconfinuity at H\o.jumcﬂon/ dve to both AEy and fhe Cange in E]

- BroSed h&hmdiun ction

Forward bigs: VYV >0 Reverse bias: V <0

densities : Evn
Mp(%) = Nep € ~ (Ec(0) = Fy (oY) /T

Pixy = g € (&(%)—Ey(x))/kr

M) = Now € (Ex(x) - , (x/T

By () = o o~ (Fo (0 = B O/

(B30 ~E.X)/ET ()
> MpOOP (X)) = Nep Nup € e< ¥) = B (%)) /kT

- — Ey(x )/ kT
= Nep Nup € 9 cgv/kT

Mp(p, (k) = mb ed” T

The faw of mass qcetion sl Wolds



- Double ‘m{’ems‘rm_g‘_ruv{ laser ‘asics :

« Communication Wav»elenﬂi—\r\

A= 1 55um
AbsovpHiow. minimum s, opfimal f” Transm ission

he
fFa , M
] "t Through ophal ‘Fi\oer < IwGahsP is a:mw\o«\h’ used
P l%e\/ )\:' },30/4.&'7\'\,
\nl : . 5 .
B “ | dn/d) ¢ least material dispersion
|42 o "\-If' I Gahs? Smallest A e P
pase nGabe Inks
a
lattice
CD')S‘l’a"‘I'
» Fdge ~emithng laser: - At a given WWQ‘(’-"‘gﬂf apPo xinmaly
- : + Jadding’ qnall T the gain as a [inear funcﬁor’l. . af e
A £l Jarge FJ) CAmer conamtraton;
aAl> —— o - o
7 (e regon 4N = - (N = Np)
’ gmall 9. L
Threshold gain (sea §Q)
S\ibS‘\'ﬂﬂt B _(_~
Jr A (oj + dp) = alMy, = Mar )

' TMM.S‘\!)‘A Curment

(undoped
Opproximation )

- The camer [(‘{le‘c\‘ma To

necombing ;

recombingtion -
mte per volume

(enids™)

? N+k= NW‘FJ?!;:(O{I""O(M)

use @n.l‘?(mwwn'!' Jo reduce Jth

v
| A _t
d = "Z,ZTC (Nﬁ + /7& (o(i +O/M)>
/e
heduce Ng o [oss jncreases

lower Fhreshold Threshold cumen +

cument (e.9. by
Msfnj o &W)

s determingd 57 how loh3 i+ takes o Camer +p

N 2
7 ® AN + BN + ox°
! N Auger
SV\OCJ:(Q‘[ - Reed - Hall N;cgm bination
regmbination

Radiatire
recsm bin atipn.



= Cument in g \'\a‘cc,mjuncriom

Mihough the denvation s lengthy, we @ show that fhe cument across a
}\chemjunch'om i 9iven ‘07:

(B - Z8) 7 )
¢ \

elactrons in yZ holes n N

2
Mpo = ‘)’),';_/NA Beo = Min /)VP

= Double heterpstucture
LD TRISDSTIMCTUN

o

Camer  confinement : \m(jh Conentration fcucw‘rons and holes
bqndgap Mjla’b

in a Smaqll-
Band offset Quantu |
o : X ™M confined
intvinsic dlamines the amount Stark effect: ifan intemal
J of leakzge out of QW = :

E s present, electrong :
/ and holes ollect on

%pposites of the well ;
le in ! ;
______ a > S‘ECI Q" - $S fain |
| -__I,AEV
p , )y Zr
°o
oo l
Vader Torward bias: P bend
apwards as
OL e f‘ransﬁ,- -fmrv(
‘16 E n'fh+ fo lef+
/, - Foo > Iarje AF in small- bandjap regian, away
= y %V ;! fwm erther heferoynction
B KI“";::}::‘J'F&N ['“\ts is fike The )«ei’wvsﬁud'urq e?uu/q(.&n‘f'
usiag p-dapin, Dfa P-t-n diode)
o Strain,
the weell
. Opﬁca’ COnf-‘mmw+ \ Stucture is a slab Waveguide along %
JEIQ' ) Con\:\’w fac‘fo" ¥ To increase |7 while
] d/2 , >

N using small QWs for cumaent
-dfa IEI dx confur\ement use multiple

= T 1
. ~ Vi /- /E/ I Guantum _wells (MQW )
“d/z_ d/.L

a@




Common. DH laser stauctures

' Gain-quided laser

ety - ' Qain 3w‘dincj: the oxide \at,er ensures that on(Y a small
oride part o? the achive region Pm\/‘\‘d@& gain
H " .
e ) AN ¥ weak j"“d"“j of e optial mode
0 N
regio U Cument can spread laﬁzmllx( frow\ oxide o neady the
active Pef]\'ovx (weak Cunen-t coy)FNLW\bn‘f)
Suostrute.

2 ’arger Tin

Hl‘gkar order side wodes are easih’ gereruted (o ‘oad 'ermjl,)

R\‘dge waveguide laser

> reduceg I'Ht\ Compared v 3Q\'q ?q"dl‘ﬂﬂ S"'V\&C'(’UY\Q_
%Wm W\wk fQ‘thm‘ indﬂ.y Suid{ﬂj O"‘: ll-l'\a op.h.ca\
mode dw +to the h'd:je obove e et
- Refativel \ ~
Sdlostrute afively small confiremont tactor T7
2> relatively

ton

h\gk ’H’\N’.SL\OM gam needed = I‘HLT
* Burded helsrosfructure laser

metal .
Semi~n sulah

L Fe:lnp " Improces cument @nfinement b
active Y‘ijon with \'\efev/ojuncﬂ

9 S\Ahrvundfnj the
{hc\udi'\j SQM\'ﬂ'V\.su(a‘Hr\f’ layers

ONS on  qf| sides,

= T
S‘\'YONJQX‘ opical Oof\f{/\emom-\— with [“V‘jw Am

o

Lo parasitic capacitance ¢ IMprOves bandwad i,
_ Op'\'I'Ca\ Cavities ]Eor edqe-e,mi‘l"l-(ng lasers
. ng*_v['_kﬂ: Two -wiiryor amangemen-t (see §@)

- Mam, lonaiwd(nql modes within  gain spectrum > limite bandw/d+h

D{Siﬁb_“i@d_ff&dﬂ& (DFR) laser . mode Sebzd'ivi-hr b‘{ p\acincj o di‘H:V'ache
gruting o\fred'lt{ above achive regisn
- Widely used for 1550nm long-haul optical ommunicatrons

Distributed B[ggg_mﬂﬂ;_'\lr (DBR) laser: wmodg selectivity by fn*h*vd{udnﬂ penodic
indey vanation of the two ends of laser cavi-h{

- Lite Fabrny- Pervt with waveleng th  selective dielectne mirors



= Yertical cavity Swrfacz- cmi’r*mj

laser  (VCSEL)

h

- p contuct

cicanlar
ol =
apet"“‘"' i 777277

p-PRR

active

G region

N Contact
W p=—

m-DRR.

Semi-in suiaﬁm] subsirute

Heot sink \
T
oxde YCSEL
Proton - implant YCSEL
o
P -contg ct

o : Ipr‘{
]r B 7/ 7 - ﬁf;qm?::d
e O =0 hegion
}% e ——— e | /
H— - m-DBR

m - contact

- The Cavi+~{ \P,V\g‘\‘h 'S wsuall

-~ Emits out of the fop or bottom surfue,

rather than +he edges

* Yo nued for optically flat %am‘fs
+ No naed for cleaving /d\'c\'nﬂ > batch \grgcg};smﬂ
2 much Choaper!/
¢ Eas'\[«f coupled to optical with o ciraular aperture
* Smal\ Ca\/\"{'y volumg
- low threshold cument  Ith
= Single wodg operation, but 1anae_ lirewidth AN

CavH—j consiste Gf an active region  surroyunded \oy
PBR stacke with R 7 99%

~ Not practical for 1.3-1-55 pm (Iong hayl) .
as too L=l PBR pairs would be needed
Cu_’“”‘* COY\f\'_[.‘F_-.W“' an e provided in several ways
Oxide VCSEL: 0xfdized AlGaAs apertunes provide

both, lateral cument wafirement and indey
Woticement of optical mode

Proton  implantation: parts of the stucture Hgt
are implanted with pvotons become \'v\sqlq-h‘na

- Weaker op~'n'ca\ conf\‘w,wvzy\-t, relies on
Jain quiding

~ A/m (owz wave(u\7+k)
whidh results in a peak of +he electnic field at
He center of the cavi'h, between the DBRRs

The DBR ‘QYers can be wqde to have [ow
re:nsﬁvi-l'«f by Using 9graded, ht‘gkltf doped

\nel-emjuv\ ctions



[Optical modas in o laser ity e
prfile
C }_nnciijmdina\ mode S ¢ modeg qlona propaqation direction, J
— - )1—';-2‘
The dlectne field has the fom E(%4,2) = E(%.y) ¢
H‘sfl"—‘)“ Round trp condition 3(%5 the  allowed kg—:
e P Tkz (2L)
‘ a g = \9 kaL = QKM,
rur
m=1 ke =
//A;Y: R - Use the dispersion. relation {:or hjh'\‘ ‘o S}\.‘,\d t+he vode
S =L fr\&bw&naes
> Y= — fymat Neo 2rny
2m /(z = L = -Q/_ = -——c“—
m=2 [ e
) Vo = ™ o
/ This s obvious SIMPW {:me \V\sped'mg e cqu’\, as shown
i on lett
Aoy
=
> V= = = 'YJM mode SPadr\cj s
C ol
m=3 AV = el or sk AV = = 3 dd
, I x>
4 \ N\ Ab = = ZnL
» N g \f we, \\V\C\W?Ll WU‘bZ/ﬁa\ d(gpers(av\,
m =3k -
3¢ AV ~ Vi = Vi = L Gl PR
v V= am 2, 1 2wy L
20 L [ Mim N Mm +i
- _IC . |
= —— o M An
onl. b Vo Mo [ == Avl
- & _ Y dm
anl T T d4f &Y
> s (l ) s
< T + =
AV = T n 4V o AN o (]- £ 40
o D

without aispersion
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= Transmission Charectznstics of \om}'\-t'udiﬂq\ hode s

5 KL
e | EDtltle’ c

“——4——3 —> Eoi,G_r‘, t, e
'f .
T B A cohoreuly

iKa3L

: ; _’.kiL/ I‘kglL L2 \2
7 Er o= BEtte T (1 + nne e (rr ety )
t = t| -tl el -2
b o ’-/QeikzlL

lf’ iMtemal and extomal media have Hhe sawe (ndley,

7" - ,tli _ ——-—It’._tl_'_i_____ - )tltllz [
1= rjry o2t (L= 1I5ea0)* 1+ (25 ) sic*(kyl)
\*”;f\-’ A “
This gives - N :T(‘)“O’;’ - %M _ nmjpzj)
B AV = 5L ] - (pe e

* The ‘F{MSSE F descrbes the sharpress
of each peqk:

“ M - = :_A_v_
FWHM: 3V = =

The %\AQIH\! ]tchor 1S +N.N,f0"€:

Y V m=I
Q= 3v = 2y F X =1S50nm
l) L=] um

high, _ 2nL & (R.Pl)v‘* Ry = 0.95

Ieflectiiity R, Ra Q™ "X " [~ (R Ry =£-?95

o Laser modas: overlap +he 3air\ spectum oato Fqbw’ Perot modes, The Q =144

(]W\ph_{:\ CQ+|‘OY\ fac‘f‘or de, -[-D ja/h ’:S - TP x |, Q_PS
mp = 1+ Rk e o (RiRa ™)

» 1Ry 8 + ( {¥a ) ‘ )é\ s valse -
ﬂ""?!"{icﬂdh \. I always e clampel
-Fotc‘fDT \ \\ 3a]l\ SPQC“'W : : s{((fhﬂ" MDM

P A 30\ [ 4 af gain pealc
f \ > e
e \ i
/ X b
\ 1
¥ )\ A

R ——
N absve

/"'S'\ﬂj Mode s ('sthold)



Pielectric slab waveguide

Facet view
Cross~sectiont

/“3/ 23 M

Ehwges as ™ Polanzd

Gaussian beam.

é — /,’/
> Z e '.é%‘ 'f
e e
= S IS
H points in the [
/ _ -
Xz plare, H] 0 E points in the
. Kz }OIQM_, Ey =0
Ssume. ¢ + i Y alall .
Tycture s extended mft '&eltj alonj J All (-% e
AppH the euc‘\Toqumh‘c wave  egugrtion
—v-‘a.E‘= ~w"’/&g§ > (VA2+ wl/ug)Ej = 0
9% 2
(57 + B+ wtpa) By = 0
ik, 2
Quess that the solution will be of e 7t°'m’ E] = Pl §Fg
and that fwﬂ\umore,
B _d
CgC 013()6 /2.) 76 > %
POO = 1 ¢ asthox) + 0 sinchos) d !
; 008 Chy x ) Sin(Ky ¥ - x < F
L d
6,2_60(1(% /:L) X<‘JZ
Thes be -+
C1 QOYY‘Q.SPOVIAS 'f-o Cven W\odl.S: TEO 7 TE_’}./ o plqmew:tet so W;j f::'\'\(:;es

Dy comesponds  to odd modes : TE,, TEg, ... the wave egﬁua'ﬁon



= Now apply Boundav\, conditions at % = i'ﬁj

) Ey must be continuous  (franswerse to intarface )

1) Hx and Ha Must be continuous

Use ﬁrada‘lfs qu ‘o 95-{' F{)

Ve« E = —nu .Q—g-
A A A
ax ’ - Q€ Aty ~ T
2 E4) A _ g
N Ry for | = = 351 X ~ 3¢ 2 = +uivwH
0 'E’ 0
. | . By
H = oo ( lszj X o+ %% f_)
ke _t 8&y
HX S W L:j ‘ Hp = o 8y
.HX is abd’OMaTicq(lY Cntinuoyg l'f En; s continuous, OlSSuMimj )L=/Ho for’
Al matenals

! H& is Contimuous J'f %E;Z s conhnwuous
Thys:
Ky d
kt ><='%: Co = G C°5(“%>* q Si“(_kxa

= ®
0aCa = ~ky € sin(= Y o i P cog (=) ®
At )¢=+%= G - ¢ cos(%) t D sim(%) ®
-G = “ka, Sf'L(EK?j) t KxD Cos (kxp_d @
We. hove also 3 oadditonal eq uahions jfrum the wawe eguu-h‘on: (578:7 + :—; + w’/Ma)Ej =0
Ragion, 3: —~ o35 4 ka = wz/uo €3 ¥ let's assume svw\wxn-h, n %!
gon 2 k% ¢ K2 = e, © e A
. 2 2
Region 20—, + kI = wiuots St kd = s @



- Even wodes: sqmmetne, G = Cz

Kxd
®‘+® ¢ Cl‘sz = QCQ_ = lcl ws(%) = C)_ . Cl COSC%)
; d k Kyud
@-® ¢ Gty = 20l = 2Ky G S“"l(%> > Cy = 7.2(— 3”"(%>

Conebining  These, we get ’0(. = ky fan (Kx %) l Even modes

= 0dd wiodes : assymetnc @ (, = - Cq
0-®: ¢, -C3 = 2ac, = — 2D sm(‘%> > C, = = P S‘«(%)
| . _ bdy
Or0: wa 4G« 20t = 2o as () > Gos Snes ()

> o= -k cot(kx%)\ B8] s

= How do we mtu‘oy\g-\— Yhese tharactenstic eguahons?
\f a solution exists, & mode exists. Otherwise, the mode does hot exist, ;f
rultiple solutions exrs €, multiply Modes can pmpagafg

d
Lot X:kx%, Y = az

@ -®: ki+a® = wiH (&= &)

2 d\2
<l<x ) () = (2) wi, (g -2.)
L o Since RHS s cpnstant ( not
2 L d\? dependent on ky or o), this 15
U * T - 2) W%L i - MC) an eguation for a orrely ia He
- X-Y plane

Meanwhile, the chamctenstic e%ua-h'ons can be wnttem as:

Y = ¥ tan X, = - X cot X
(even) (odd)

Plotting The circle Together with these expressions gives us a way to find
The modes

]



- Grophical sofution:
The fwo circles comespond o di fferent
-~
| values of R*= (§ Yuue, (07 - mE)
I
l
|

»E

{

* As R increases, wiore modes can
exist

¢ To laaease p,
| - lrcrease the size, d
~ lherease He index ontrast - mS

The f\‘f‘sﬂf even wode alwat’s exisfs. The condition for havfntj a Single
Wvagqq\'oh Mode s

T s Ay d w . [z o2 < T
R« < 2 _> “2"'(/0 MOEO Jj)'\,z——’hc’“ = E @ /n[z—,nz = g:kO‘ ’n[?—-{ncz < -z

Single -mode _condition: ko%W< L

Another way To wite this s - d %,2?7“2-2 < )\TO
2702 g Ao B
Smallfl'v\du( d ({nl fnc ) < ( 2>
ctontrast ~ Az m )A/n ___DQ: (CtaA
(2m, < 37 For A\ = &73nm ?

| Xz
| > n = 357 (G\qAS)
s |\ d__A’)’L i 3_41\ | My = 3.38S (Mos Gao.}lh)

Solwe for* ks = d < 0.3bum,

PR

® > k; = WZ/“oer . ki(, ® - Ks = Wl/uog»c + o
When & wpde 15 at the cutoff of being excited, o =0 = kK, =M.k,
ln the limit 0~F h(ﬂ\/\ fw,%uw% Ky asymptotes, o WQ/"O £, >> k; >k, = %,ko
At internediate fr\esza‘es, Teky < Ky < ik,

At the wmode's cu-lroff o =0 (not confined) and « increases with f"-zwc"cy



- Pispersion curves

Mode profile: (TEU)

Low )cMngCt{ fienit H"j\'\ fwswncy [imif
ol=0 ol larzje.

}

. - — Kk, ~
Wl | cutoft 2 Ko ~w barely confired well confined
- . . k
- The eﬁecrhve index o{ & mode s Olzjfif\ed as ’chﬁt = T}
\ 0
For the reasons stated above, Weny mode  starts at M. and ends of n,
s o 'FW‘C'Hon of W

(t 1s customany To define the ‘?

o”ow{nj 2 parametnes:

Novwnelized

fmﬁuwmv V = koou ’n,"— ng
2 2

pmpa a-tion, L ’ﬂeff - "y TE4

Pam?ne‘t(,r b = {)?J:L B ’Y}; 7 0 at low V (quoff = m)/ 4 at h!‘gh V
2 2

A symme-t oMy - Ur) ‘

Pqtlraw-tzfr- a = I”/L — —> a=o0 for

Symmetnc  sfab
\Qﬂ"ekm‘es.s Singh ~mode condition : V¥ < 1

Power normalization

© . . 00 wkz 2
P=dre [D(EvAN 24y =1 > ~dee [T Bt - 1)L 215k -

s
- Optical mnfimmnj;‘fgchr This last condition cay be used
d/a a2 2 fi"d The reMaini®g ungnown in
| an TEGOI™ dx

)7 =

Specifying Ey(%.2)
¥ U7 s small at mode

cufoff, and loecomes larger
with \'ncN,asmj ko or d

f_: [ Eoo) | dx

> Tf\uefom, Jfor s(mjl,e, mode operation, it (5 desirable to
be just below the cutolf of the tirst excited mode
(ie. naar the singe moda condition)



~ TM modes: o solve, use the oluqlih, prnciple and Wake The 'Fo\(owina

replacements,
_5 SN - The Characten's tic 29 uations are
S H /A-)S d Ee d Kxd
- - «f = 5 (%) () < een
£ N IR SR B . (k"_d> < odd
TE ™ 2 g ( ) ot (3 ¢

Asywmatric wavequide @ My > ;s

¢ The cq-tof{ condition changes to

- Mz Ko
V= /<od,r'n’?-_—:n;- . ‘\‘qn"ﬁ + 'MT

o p ’Ylg_'ko
where o s the  asymmetny parametor

* Notice that now even the TE; mode
has o {mite cutoff fre%vxw cu/,/ The

Sl'mj[e_ rnode condifion changes o

—_____> KO
tan'Ju < V <€ tanfd + ©

» Now the low M%WC‘{ limit of  Meps

B R&Jm“‘}\&\a" wareguide ™odes
¢ The modes are dascribed as:

Hy and Et} dominant (like TE Jfoy- »'n{:im"b. slab )
Ey and H‘{ dominant (lite TM for afinite slab)
- P, A denote the mode ﬂe%%na{ R\w\ﬁ %X and Y M'tahsih, contours shown belpw

ﬂ"x ,q\x B _ &

CHloo =2 29

O SO

o




E%ch“-gg_ index wethod ‘fmr ﬁdcje Wavejuiolzs

@ Solve the asymmetne siab wWawegquide @
M3 -M, - Ns ‘H\ea'h'nj t as r'n{-inife
along g. Find Mepe,q for this wavequide

Solve the \'nf\'ni'te slab W“N?WAQ
shove Yo fid the field profuile
C‘!(Jj) q\ons 9.

lf Ny, > Ny, M, , Use He same wrethod e
fo ‘F!"\cl /le,eﬂ. Otherwise, approximate

weak fields n 4, % and let MNaeff = Ny

Combine the results o get
the overal| field

E(xiy) = Flx,¢) G (y)
@ Follow +he same proadure as (@ for 7 Y
the Ng -Ng - Mg wawreg yide o fmd N, eff.
‘ \”

Field pofites  F (%, ¢) where the field in y
is  Stitched (’ogeﬂ«zr me the 3 parte

Gaussian beant ; “he wiost spatially localized +ype o{t wave that can exist (n
fM,e, spac

- Oﬁgn’n o‘f\ the Gaussian. beqm: consider a paraxial Wwave D(R) = A(F) Z—’k%
A is an envelope that vanes much less sfowly than K. For U + Saﬁsﬁ,
Helmholtz ezua-hon, A must Sa'hsfy

where

&)cz N 97 )A '_32/(92 =0
The GQaussian begm is a solution To this e%MQTlon, and (s 3'“’“ 57

A —/k(‘i‘?%' ) = 2+
A(R) = g(z) B where 1(2 t 7o

also writfen as

L .

6 T R L twiz)

Gaussian beam Q,V\\relo’oe_




nr curvature
The o “‘Hon t aussian beam is eI

| verall equa for the G z y

|

- U

s OXTEy '
Wo ~ LW:H) —ikz — ik 2pE) + (703
V(F) = Ao w(= ¢ \
7 T\f\fs s 14‘4. LXQ2SS dQ\q A
e W) = L (21 v =[R2 ¢ G been f
om pan’son i )
N Plane wave
we) = 2 [+ (2]
?('2) - +‘"‘_l§o

Ao and 2, oare detormined by bobmda\r\f conditions; e,vew’{-hn'mj can be found

* Properfies of the Gaussian beam

l) ,nfenSH'Y x‘2-+ &
) Wo ¥ -2 wia)
Liv,y,2) = |[UBI = I, (W_(5>> ¢
A - The Transverse {ield profile
Fx A X X alwags  falls off as a Gaussian
’\ 3Ly, 20) 10 Y, 220) of the radial distance,
\\I.(x,v,o)
_ T The width W(2) of
- [ ] % beam. increases with 2
[/ = The Oh-axis intensity ¢
L0,02) =
AYi =
_ I+ (2 /2y)*
Z=) Z='Zo 2:220 Zo)
’ A.‘— 2=Zb/ I = %Io
2) The power s “As 250, I = I,22/2"
o | 5 (inverse sguare low, like o
P = /o L,y 2) dy dy = 2Lt Sphencal wave )

peak  beam
jntensit y anea

We can rewnte +he l'ntansify as

2p o, );::{g = About A of the power is within a
I_(%\f;-Z) . KWZ(E) e

Uirelg of radius p= [y yz = w(z)
- About 99% (s within | 5W(z)



271,
3) Beam rodius @ W(z) = W, [I + (—Z‘o) ]
The 'F(QH dvops to e at this vradius (=~ 0.135)

* A z=0, W is at t¢ wminimum and 'S e%t«u to Wo
This plarne s called the V!@' and Wo s fhe waist rudius.

* As 250, W(z) =~ !Véf_’_z = 2
0
where the beam dirergence <. wi(z)
il PN jens o
| 90 - K 'EW;) - lwo
e S T W
¢ Shorter Wam(ehsfhs diverqe less b
* Kk wider beqm diverges less A
© Beams with a greater depth g
of focus d‘iverae less —
PQP"'h OF . .9_7rW2
focus = 22z, = J

4) WOW‘Q%YY"S 2 d% ‘o the phqse +€VYVL ) —I‘K(kz‘l“{l.) /.2.9('3) w
Some. curvature wavefronts have
- R(2) represents the rudius o

~ f WUrvature o
y , \‘\}(, R> 0 Tre wavetont at 2 f

"M 2=0, Rom = planar wavefronts

+ s 5 - hs 2500, Ro2 o sphencal  wavefrons
\ Ly ,*’X i/ >I“
L S ) ) ik spreneal
Sy~ "xgx t e
like plare

wave

- The Gaussian beawm raeds to be specified by 4 parameters .
) Amplitude Ap
2) Direchon, or beam axis
3) Location of waist (2=10)
4) Waist radius W, or RqYIeijk range 2Zp



Manipulation o? Gaussian.  beams b‘]' passive optics

« A thin lens retging the shape of the Gaussian, but magnifres ifs waist
radius : W, = MWo |, 90/ _ _”l(eo

. Foo,LSing 0 Qaussian beam: what is the smallest Possibly s pot sige 7

N 9)/0 .
1"\"%5 Z'/ - Put o lens dlr‘Qc'Htl at the waisy of
; < 6 Gaussian. The rew Gaussian has T+s

waist at 2/ and has a new diameter zvvo’
Wo

) W = Teaip
.
- /‘°(f/5&4>)1

and there fore large  depth of focus 22y. Sinaq this is a
wave, the lens focuses +o o distana ]C The waist 4

large  waist+ W,
pproxima{z(y 2 plare

faweter 1s
/ 4 4. f A
Q-WO ~ .T—L—- )\Fi'_- = T A D L= }27 2 sin © f ~
D T —
’ens f"\um\aev-
b
This mujhlt{ Comesponds To the o\(ﬂ:mcﬁon lim £, Yan 9 :sfme = oF
T . |
P 7 2sm0

Fassive aptics always  preserves +he quantity Wp -0 , whidh depends only
on He \Nave\maﬂ A. This s essevm‘qlln/ a Statemont o{ ctendue  conservation .

- A Bessel beam is given by

Z)CF?) = Ame(kr)o) e’m¢ a”.k.zz" whare ~i= 0, £1, £2,.
p= K2+ y*, = P cos ¢, j=Ps\'n¢

Jm = Bessel fuv\ch'ovt of 1Y kind, m t order
A Bessel beam has 2ero beam. divergenq

but infinife s beam width



@ L_P:{Qamm response  of Sericonductor [asersl

The raty, equations ekpress the rate of changc of N = amer o(ensi'l‘y
and S = photon olensH—/
\'r}iec‘h‘om Tote of mr;;c:;; (gss camier Iss rate
W::'Sﬂ“:;f::f Fecombi noction. 57 stimulated emission
\‘ l / * phiotons producd
M= IGE = ¥ qperiers njected
N . . .
% J = optical confinement ~Fac-tov~ =
- where Vi = photon maodg volume |
—g% = ijj(N)S - _"?_ + TPRGP ESP = spontarcous emission tate /val. |
P

7
Stimulated emission [bSSTl‘a‘hg,

Sportarcous emyssiow,
rate of photong o} phstons

vate of photons intp

V; |

Vg = group ve(od-t'y C/ M

Tp = photon lffv;‘h'bw.
U = carmer ifetime

e lasing mode Ne = photon estrachion,
effl'o('&nu,'
whene EZN_) = AN + BN?_"' CN3 Qsp = B/Vl
;3 = ‘ch:h'or\ of- spovﬂ-qheously evnitted photpns in thg
Same direchion as Stimulated emission
= /4w o (07%- 0%
K GMPNchtJ: (l-’m)':% L/g - ouvent
heat C_)\ 5
g spontmaous
. emissiorn (’ ﬁ)R y
Rsp V' PR
RaeV = (AN + CN)V NV *

amer reservoir

heat C

D Light output (Mco%ewn-l-)

spontaneous emis sion

to laging wmode
Aosorption stimulated
R " emission BQSPV
{2 \ lev
s
JTRY vp¥p
% Te

Np Ve
photom wreServoir

‘ ) Light output (coheremt)
NpY
J 1[ (-7,) “*

(1) Wong mirror transmisston
(2) free mier absorptioh

—> Heat

(3) absorption, outside active region



. S+eadt! sfate solutions 0% = 0
1) Simplified analysis: let Rsp = O

S L
g_t = (J—'\/gﬁCN)- TP)S = 0

el Atota)
> 9 = T = T p = 9w - gONw)

Duc to photon foss, the gain. will be Clamped after the \aser
reaches Threshofd, : ofherwise, the field in the cavity increases
without bound = no steady state | .

As @ consequance, the camier o(zmsl‘+7 is clamped o Nth by
threshold, sine the Gain rs not allowed fo rncrease

4 . ;ugmt]m} ' g I'f the curent 15 increased, N will exceed Ny Lh'eﬁ?;
nstan® but all of the ercess caner density will quickly be

N /r o - ». : p .
) /: used up via increased stimulated emission, wntil o

f { . rew Sfeady state 15 nreacked
on\ﬁ'anf‘

T CiTdN
7 ‘

H— — > T
Neh,

Befow threshold: S % 0
. %
N _omE Ny L Ay

dt = 3V T e
- koove threshold, N = N, 9 =9th
dN i N
€= v T T T ViR S =0
. ! N L Nﬂ\> | L
. . ~ Dy o 1 _ Miln
S AN B T Vgﬁm(zv T/—
_o M _
i A (I - Iw) '
The power out s fen e T:_P zj'ﬂ‘/e
_ S L SY. 7, l " ¥
Put = S dest G B0 = T E g - g 0T E
Uchraction
¢fficien - M
o e > E)M = 3 i (I -Iw)
. p\;;i‘an erergy . / vu\;-“\;m
© Charge conversion eﬁ—fdenc\l

(W/A)



. T’M h‘jhf output fncreases linear|
With cument obove threshold under

/Guapfmm e  aperoximation that Rsp £ 0
e I'ct!;VIC'«[

/ '7"'76
wall plag - / Pout N : u't“"’a-nw -
L S omi55

joency -~ '
effic B 100 W

- / [MV‘/ T — small veselL
i 1 > l IO,UJW o
f AFy large VCSEL
[00“\"/ -+
a'SSumul

log s >
~0 qu : i
b KRR
= r——> I
Iph Louh 100uA A 10mA  10OmA

Detailed Shad\_yS‘i‘q'l'e qhqiur_s_\‘s_ : RBsp 20
(+his implies Fhat the SRH tem = AN dominate

. Continve to assume T s constant
the recombination rate)

Appltt the rate Q%uq+\‘ov\s=
ds S
at = Jve08 - 7 +TBRy = 0
.
SIN) [ T - Tvﬂch)l - JBRsy

Tﬁ Qsp(N)

dN i L
. %— - Lo vamsiny =g
A
® 1o = B[ L waonsa
V N
* Below fhreshold: § 20, 0 fom @ we again hae L(N) = -% T(N)

" Above threshold: e call _JC_P = J'Vq 9th
JBRsp (N)

T yAne
® > - =
e vy (330 S I - 900

lf the photon d.g,v\si—}T s+au1$ f\‘ni*fe, ‘he
threshold gain cannot actually be reached

o 3 and N stay clamped J(us-l— sh‘qh-f-lt/ below
9th and Nt

)




BRsp (N)/'V:j

S(ND)

the sportancous emissron

B

T— 'Cj'(N) 15 eia-arlY ‘oein-j qm‘pi'l‘ffr{df
N
Use @ o solve for Current : T lI
|
Y L B S
|
T '
|
~ Lin / '
Rsp(N) /. |
) 3V BRsp(N) /vq
IIN) = I t m; Vs gN) Ith = 9 (V) :
4y 900 ) I L
m; BRsp (V) Ton — 90) LN = Iy, il
5 [ e
3 _ | gVBRsN) /i
O R ‘) < In
2 N < N
This shows aaar 1 :
gain that the Jain never reaches 9y, (and
Same with, N) bu+t - y : .
1l CrS(Tmp'JfD“\'i tql\t{ approackes i+ with
nerea si nj Curpent.
3(@\)}\ This means that the gain spechum appears as below
g | T -
| Independent o"f the gain phy sicg,
1 g is Clamped at 9y dwe h +Hhe
| loss rate of photone from Hhe
S
S| v
pw‘, A ! S‘I’mnglt’ qmplif\'ea 1
7 291y > mm‘fom, even withoyt [‘.Ohsid@n'ntﬂ
fl (1 - RiR, ¢ tha af lowa blg. \nﬁﬂihdinn‘ [qs,{ntj
| modes, It is & good apprximation
1 fs assume ®& Narrow emissio :
) ) n spect
: et it o
o AN f T
——— ~— 40 th = -%_/7,'1776 (I*Ifh,)
fwo



* Differential analysis

- To qnq\;;e the modylation haractensticg of Lmiconddctor lasers, We need fo
lirean'2e the rute ezua-h‘ons aoynd a Sfeadx’ state solufion) and Treat tHng
Modulation 4S a small scgnal

- Take the differential of the vk equations ;

o( §5) = d( Z,'CN) - VﬁﬂN)S)
dN . 07' _”/i}_ _ o
® d(;{) 7V L - T~ Vg9 dS Vg S dg
@ d(ﬁ) =~ I’ 9dS +ij5 dg — dv:S,o ’ Tie

whene the di‘ffev\en'\'iq\ carm e I"{-\eﬁmes ane. ‘Fo(l'ld fmvvt

{(8) = v (%) = an(A- 280+ 3en?)

. L _ 4 o
Iikewise,  TZ = d-ﬁ(/gpsr) = dN (IQBN2>
L
> To = 28BN + £ gn?

m diﬁcv\qnh‘q ¥ jqw\, 0{3 Is Dund b(1 df‘F‘ch, h'{'(‘a‘h‘r\a 3(”, AY ) !

Y
dg = G dv + 22 us = aaN - ap dS
Where the  differential gain velues are defined as
| S 99
a= I% dp = T dS

Although « and ap are not constant with N and S, we can Set +ham
b their values under « S"[’eady state bras n « o[r'ffene,n‘h'a[ analysf_g_

To know Heir actual dypendances, We n2ed a model for 9(N,3). Fom laser
physics, we can approximate e gain as:

82, |
Jo \ (_1_‘/_) a = _l%/_ = J+sS N

ﬁ(N/5> = 1+ &8 & Nir ke " __ & é
/ P ag = g

9 an
daturanon.



- ||: we ast O and @ info wmatnx form 4nd do Some algebraq, we can wn'te
'H*@M as :

_Ol_’de:l - [—%VN "9/;\/3][0”\/ /yl dr
dt [ ds }/SA/ ~?’ss ds ! W[O]

A Inferpretation :
here %IN = Tw T Yf]as
_ B S Sﬁm.ulc(l'ad oton
y”s Yﬁ J Gp VS 9/SN . em(ssion B %s PloSS
— — —
v = TYﬂ as Cwlm'er N - T /’?
9/ - 0SS
s =I'%aS —i’,\y P R
e stoady state gain as
|
‘3 - PVgTP
P
Small signal intensity modulation response 1
wt d .
lef dL(E) = I, e™ So Fg P w e e
- (wt AP, 1 steady -state
dN(t) = N‘ e - o Il . b\‘qg qpo"n:
The differential e eguations become - <_;‘ N

AL (=23
[%N + W ?Ns ][N, } - ')7,»_{' |: | } modulation
- %N Jss +iw S ZV 0

We solve this b\{ First detemining  the  detrminant of fhe watrix on the LHS,
Hen appla(mj Cramer's rule fo solue For- Nes Sy,

d),b,wv\io\an'(- A = (7”5 %N + }/”N ?/SS) — lA)1 + l‘w (%/N T g/SS)

2
= w&—wl‘r i

Ve &S ! v ngan
where  wp = Y Jsv + Y tss % 4——@ g ?:;Z::\;{ resonanc
and ?/ = 2/”]/ + 2’5‘5 x Kﬁ)g + }/0 — damplha

whore K = B [1+ T F]



* The telaxation resonance steady -state expression for §

4
) 2 Ivge 7
W = %s = %(Vgﬁﬁ ;%_(I‘lﬂ\,)> = —_—gf—_ _}?_(-[_I'H'L)
v wz=%’7itl‘l+\nﬂ

Wp + The welaxation resonance, 'epresents the natuml resonana i the |aser il
whenn the P“OTOV‘S interact with the camers. Consider the response to a 3dudden
d”q“‘_}ﬁ i inpudt cument

N increases © gy, gai NcheAses

!

:,,S fthan |ncreases, due fo fnengased gain J"Y33(N)S

i/v decreases, through increased stimulated ewisgron : ~—Y33$
\LS’ decreases, dve to decrensed gain

* NV increases, dee to Moreased stimulated emarssion

WR describes the naturml ‘FVQEV\QMQY Of fhis OSCi“a'h"oVL

requency response
Now if we use Cromers mile to solve the vate equations, we find:

.I wz
T ?7%‘_\/—l % H(w) U[w) - g — W7§+ wy
loalH(w)'z

+ Peak fre%wnc,\{ wp = wk\‘l— é(?//wp-;i < we
¢ 3d8 bandwidth Wyg = (wpa +Jm >'/A > wg

* The output power modulation s

ir\creasfnj Wg
ff"mas.‘ng bias L)

> losw



Some wotes on fm%mur response

. Be(jond the resonance peak, which. occurs ot wp X Wy, tre response -Fal\s
of i rapidly, af 40 dB/ducade

¢ The olampina Y =« kwé + %, increases with the band widHy we

~ At low power (small e ), The o\ampin3 s small and the resonance peak
is strong; at high power the resonance flatfens out due to damprng

-

The wodulation bandwidtW. goes with the relaxation vesonanc,

Jiven by,-
We = Iy, (I-Ig)
‘BV 771 th
¢ The Moduia‘ﬁom bandwidH fV\CY\eQISes as we arive the laser with wmope
power I > L '

The bandwidth benefite directy From:

) Large  differential gain  a = %— > uSe ¢ stmired QW laser/
2) Lov‘ge mode CDV\?(M,WM* ]Ead*or T 9 use Multiple QW
3) Small achve region volume V .

4)  Injection guantunt efficiency Mi > 100%

d /3
The limit o wy s M+imq+eh{ set b7 A= 07)% = /+25

incheases until the photon density S s
~ /gAY Ahat point o begins fo decrease Puikly as a result of

Jaip Compression

¥ As 4he bias I s increased, Wy

However, in practice Such h(sk photon densities are not usua\lt( reached.
The limit s them set by the dqmpmj 7. vwhidh increases as wy (ncreases.
!f Y increases too mych, Wagg Wil Fall below Wp  The maxitum passible
348 Yandwidth occurs af an optimal damping, and s found T be,

high power may EX
limit = py =

= -
U 2tk | 2T |+ Tag/a Tp  dB

This valne represents o limit to the intmnsic modulation Caqu;\iﬁes
Osf the laser 1+ rs not surpn’sing tat ite ubtimate limit s ~ l/-CP

- Thewal management, minor damage , etc. are also pofential nsks
associated with high power operation



¢ Transient _i_ﬂ_ferlgi-h{ modulation wesponse
- ln response tv & Sharp step increase in taput cument, the Sth‘cem regponse
depends on the amount of dampiag
: \]t underdamped ('}(« Wwe ), the camer and photon densities will osciilate
ot the relaxation resonavce ‘FM%U@V\O, Wy

- The photon densf-hf (and power ouhou'!’) witl oscillate and settle to the
hew, higher valne

= The Ccamer dzy\si-k-y will oscillate ond settle back to Ny,

C T the damping Is large (Y~ we), The camier and photon densities witl
@xPQMh+fql\1 nse/fall to their s{'ead«!-si-a'b; values

. , max L
© Twis regime is not useful W practie, Sha  Wag s ot F

‘ _Fr\_gocmncxi modulqjtiorg/chiremg

Valp Yalp
P = As the cument L i modulated,

cfi { /) .

g / the camier olu\s(-Pj N s modulated, and thus

i MNa M 1)

' ; the active Pﬂg(om Mfmd’\'\re indey Mg (s Modq(q-tgd, and
N the cqvi*hr leng‘i-h Ieh3+k is modulated, ang anqny

A

L
@ the resonant mode f_?f%u@v\cgf s modulated.
WQ . wrte $his N.\a'h‘onswp as - AY = = _T%i z’;’l\/a AN
We thea ‘Y’\‘nd the Modulation to be given by
P R N 4 dn

Addi‘hbﬂal\y, there s @ furH\u- Fhe%w,nur wiodulation qrfsmg ‘me the
temperature  modulation of e laser = Apy o This tends to dominat
ot low ‘fm?)venc«,

The two eﬁ:ed's are iflustrated below :

s
)03 1;_]':‘ j\ AVM«\ AVcarmier mSe are  impoctant e'H:"CtS +o
m /i. Keop ‘\n mind when dp_m'sm'nﬂ o
: dimc'ﬂ-{ modulated \aser sl(s"mm(
~ 300MHz /m A \ |
|
‘——J— ——ly los w

bg,



Noise in lasers:

N Pnlgti[g_ig{_'@;_{‘hiﬁaoi&& time vanations ia the photon and camer densities dve

random ROmMbination and genzration events in The absence of extemal
modulation

2  Noise Hoor on He output power ragnitude

. :_r@%\lei‘\c—l‘ noise : random ‘ﬁwdua-{-ion.s in output ?r\e%vena{ dre +o
(1) spontaneous emission

(2) camer density ﬂ\{d’uQ‘{'\'ons, Jf\’"OWJ‘\ the fM%(AeAncy dn(r\oms thcc-é

Temperature - dependent effects

- Ah‘j input power that does wot leave fhe luser as light output I dissipated i

the laser: B, = P Pout . The resuiting temperature rise of the lager 1o h 2
Where Zr s the  thermal fmpe.daV\CQ

- The laser's L-I charactenstic changes : Nt ot T and Ty o QT/

( app oximately)
* Abore threshold, 7 decreases and o increases with T, T give a \ower

fua nfum eff{cievxc«(

Eventually the output power decreases with cument dwe to Noth'ruj e ttrects
- A\Asev- recom bin aion

- Electron |eaka3e -?mM active region b7 Hemmql accitation

Bt 'T

Yhemall il -off via
P sel ‘F"“\&a‘h"‘j
-

20°C  <— startin
Tewperature

__.}L
p  Tth—

~ Warelength watening
<+ N i

. a big issue in VCSELs

() the 3q\‘2\ peak shifts with temperature = the Wave\o.na{'k mismatch lowers

(2) the wavelength Of the cavity mode s\nif-l—s the gain of +He tavity wode, So
with temperature, due to Hhema| It increases away from the optimal
expansion, etc. Temperature (usually 300 k)



‘ PhOTO detectors and photo cond t(C'l’o;s;)

* poi-m photodiode

(Bqailibam E} - The light- absorbing region s an tn¥rng(c
) Selicondu ctor  sandwiched befween \’\wvfltf doped ,
MPF . Pm?emb(«’ [anjer bav\dgqp P~ and m- f*e?c‘ons
- AN - The 2-_N3(om becomes A\ most 'F\(”7 depleted
e of camiers and hag o constant tlectne ?l-e(d’
caniers ﬁ P
yenerated

in this region
Wl recombing

T
— N
= The Pho<¥odiode ‘\'tfp\'m\hf g

IS neverse-
biased so that « high electn'c field

Easts in the - reqion, whidy helps
sweep He camiers to theie respective. onfacts .

Wave leng e sensitivity © by making the -region width 4 ~ ‘/o(()\), the

P-(-n will absorb Mmost of the incident light at the WQNL"".‘JH‘ A

~ This is onl~/ Prractical {:01— N shorter Hhan the bandgap
-~ Photodiodes O{' d(ﬁef\wf thickresses an be Stacked so Hhat each lq\/cr VS
Sensitive to o different wavelength  (shorfest X goes on top)

|
Speed : )thmw o == !

wmer transit timg oad/v

where ¥ = carmer Vt(oc(-ty

= A tinner aloserption region.  provides a \araer- )C.MM(, but less optical absorpiyon

= a Tundamental frade-off between speed and signal streng+h !
12 9 9
~ A thinner absorption region diso rncreases the drode capacitance
R = ‘—Ey_é- This will end up \\‘M!'Hna ‘the SPGQO‘/ but there Wm&’ be
- structures that are qble fo crcumevent Hirs

L]

The p-i-n povides mo gain, but has low noise.



= Photvaiode  I-Y curve T jak

© The pPhofodiode Current in the
dark is:

Y/ kT
L= IO(Q% N I) Rererse
b
which is fhat o‘f a vormal diode @

* In the presen ce of- optical abserption, K -

this is modified to
I =TI, (" _ 1) + I

Where
d
5 Loz
iph = —1- 47 0 POp-t' line
PhD{"’“‘WWi‘ fncident optical - e o !
; Zmuﬂumt . prica e %uddMnT: photoconductive
|5 acfmvg_cia ef&ﬁcncwl power Mode
N < 4 W
ki - 47 puadrant : "Photovoltaic" wmode.

© The quantum efficiency depends on stncture

- Surface - ifluminated p-i-n - Wavequide p-i-n
i ¥
window T ~
N
- ~> = —
L
-«d
/)z:/?l‘(|‘R)(\*€ ) ~ Ted
N " 7= 70-R) (1 —e %)
T window abzxpﬂoq /\ ;
reflectivity chiens Facat confivement
reflectivity factor

Paragox :  a photon geverates on electron and a hole, does it produc 28 of Chqn}e(‘?

First, introduce  Ramio's theonem

- The cument produced in the extomal eircuit by a charge

v
G» |— mgviﬂa with N(od{—j Y(t) between the plotes is:
— ite) = %%L@i
_,.ﬂIM_____.___ ~ Proof: work done by the tfield fo mow ‘H/\echanje dx s
S W = gEdy = 3% iy
© Equate this to the work dore by the power supply

aw = %dx = ieyVdt = wt) = j}‘% = f‘v(t)

© The cument stops When VIt) 5 ; when € neaches contact



= Find the response of o photo-generated electron-wole paiv

- reverse bias S R .
c__ + Find how long it talkes eachh comer to reach
P m}[/ n ‘H\Q contact
; o>
<— ®

* Dse Ramo's theoremt to Fmd the photocument
prer e

t A

Lelt)
gVeld !
PV ld e
_1_
— +
Te Ty

- \Vﬁ‘egm‘cz the  cument o *F(nd te fotal collected d'\qrﬂe,

QR = fz‘ecw it  + ffh(f) At
B Y, Y B _3_’\&_ d—% M
e R o i PRy
(Q = 9 ’—> 1 charge is detected /

= Now suppose that a pulse of many photons podues elcton-hole paics
H\V’ouq\n the volume of fhe dbsonption region . The resu\ﬂmj curment 1(t) goes
o 0 one the last camer reaches its contqet

Sina in the worst case the camer must +uvel Hhae whole distang d

and
holes are slower, The fransit time Ty = d/Vh,

The response time IS limited both by +he Transit time and the RC time

T = T+t lee = 3% + R
Jt l Reh
Optimige: 0 = % — 4~ =0 = 4= Jle»:Av;b
_ ReA YopT 1
Topt 217V, > W X O Topt

Tupical valves

L[ Tee = lps, T = 20ps
38 T 4 | ReA K fwe = 9.7 GHe




- Bandwidth - efficiency prduct
: Sur“Faca—i\\um\'v\afed p—i-m: assumg R =0%, assume Hransit time limited

B _ Y AV
Pefue = 7 -e ) 35 B X piload)) 2 o
weakly absovbing limit
oY
> Ux Top ™ X

27TC

The product does 1ot depend on dimensions : @ Frade-of} between
E]t'FltleV\C‘{ and SPQed QX&S"'SJ (Or hephrused 5}<}nql 5'}}@"?—[}1 vs. speed)

© Waveguide p-r-m i assume R = 0%, assume RC-(imited
~Tad |
1 x f3d8 = %ll-e”" > awRe , C = af‘f(ﬂ
v 7 Toad g Tow

/7x f3d8 = %;%%\7 (1ndependent of Jl,)

¥ 0 either type of detector, there |5 o tradeoff befweeen effrc«encr and
bandwidth Cﬂomujk ol or L)

Photocon ductors
- A photoconductor's Y‘QSI‘S‘i’l"V'“fy Chanjes with +he absorption of incident  light

Jm - n the dark,
I* 4#.0 l o = GE = (gpmMo + Mppy) E
= _ | d Under | [lumination,
T =
= [gpalomg+ $m) T Mp (P +6pY 1 E
AJ = J-J3, = (‘g,ungn § %}JP(SP) E
Sine én =5P, AT = Z(}"""}JP)S%E

or[_Ao* %(}An+}lp)87\.\
- Both contacts on the Photocon ductor must be Ohmic
= The OP‘h'call\f njectd carer density s given ‘07 the Sfeth(—s-tam cond ition ;

9 &
<9tC8’n> = G{O - _%nr: =0 = 5')1 = 60 Tn,

! \
pho togemuﬂon camer
rate lifetime




P + |
- The phofogemmﬁom rate s Go = —%—5 C Twd T
A Y] \ ! \ %D.thl"um C%f—"cl'ey\o({

* photons incident eline same as in phetodiode
per second (assumi N ) _,—ad
monochromatic) = '?'(“'R)Cl ¢ )
Pop+ l '
% 8‘)1,'L GOZ-YL ’}Z ‘nw &Wd -C)‘L | Q/(.J o
The gererpted cument s - £ “ & .B \;,dﬂ/
. - + Mp) fm E =7
dwAJ uQWz(,“n Me)én E \L\>4
Assume  ty >> Mp -
Po opt+ POP+ _‘__
Rocal] the Yransit Hime expression: Tee = /¥y
bt (ﬁe"ﬁ 7171&) T-h— l
pr}mmv Pho+ooonduc+|ve
phetocumentt Iph Jan
# absorbed
photons Xg
AL :CL <— rembination lifetimg
m Eho‘bcondwc:ﬁwa ﬁou‘/L Ioh T Tir < Fransit i

Interpretation : i-} nany dectrons travel acroge the electrodes BefuRs
N.C()Mb(ninj with a hole, there 15 het 3‘1‘.“‘

The gerevated electron reaches the electrodg

______) LQF(){\Q the hole

= Cument contindity forces the extemal ciecuit
i to supply arthey eledmn, which alse tvpsses Hhe
dovic befare the hole reaches ik electrode
* This continues until the electvon P Omlgine
< — s
J=fpm > Tee=10ps with the holg
. the Mechanism is Hhe some = Mawy dci:lr—o\:\‘s Estb ::\Nrjhd.m cfrcuf.'[’ ]to(‘
as that in a bipolar transistor: tren] Photon aisar a [E8 ‘g o 36“,"
: ) / ns
ke Te ChWY, gain & B0 = 100
ﬁ 7b Ty - In S(/ Gain  x dus = /0‘

10ps



- The photoconductor's MSpOV\S\'vi'h’ s

AT L)
R = Far = W gy ke e e o Y

Photoconductor "FM%_uq,nc_\f_ response  (small signal)
Consider again the eguation

d dm.
e (50 =~ G0 — Z,
: \ 0
If Sm = /V,e'“t, Hhs  becomes wN =Y 7;{4')— _d—[wg — %_
rw€
8P = he® L Pl
(IW+ fw)”' = N kw dwd
N = N g I
T M xw dwd 1w+ 1/ Ty,
Recall II =

= dWJ‘ = dW gye N(
g v |
=Pk

R @ w L/ T

.
=

s + Greater gain increases the low freguanc
/T = 0pD response, but reducwes the 3dR banduwidHa
CWEPENTT : M gain-bandwidth product of the dewce
| s always conserved
Tl T = 40
T/ Tar = 4

>l034,o

~ Photoconductor stucture

A conventional photoconductor has an m-i-n stwcture, in which electrons
ton be injed:ed ]tmvv\ both sides

* To incease Tn, M-r-p-( superdfathie Strucfures are somefimes used 4p create

Spatially separated poﬁmﬁ'd( wells for electrons gnd holes

To 'fw*H\M improve Ty, }’le&quncﬁ‘on superiattices with AE. 20 bat Iarye AEy
can be used to create potential wells for holes buf allow elechrons o flow

frealy



- Noise in photodatection

¢ Noise can anse dwe to:
D) Random amival of photons
2) Randomress i the gereration of photoelectron - holes
3) Randowress in the gain proass (Jfor ava (dqnche Phofodu'odﬁ)
4) Circuit no(se: shot noise and thermal 7o rse

The Nuwmber of photons amving on o detector follows a _Pgl‘s:in_d(‘s-\'h'buf,‘om
(i.c. fhe prodability that an evemt occurs within a given time twterval is
/’ ditstlouted uni{lmth over Fthat interval)

. ayergqe. )
/ - ]f m = ¥ photons amiving within an interval T, the probability -that
eactly m photons amive within that interval s
g™
plm) = Tl
— 2
OF course, the Aveagn = m m
: .

also, the vanane 2> = m

Mf the random amival times of photons upon +he dets ctor
Translantes info random flow of charge, which preducs « noisy cument
Sl‘tth\- Consistent with the properties goove, the notse cument s derved

as tol{ows:
- - We wodel the 3&%‘(‘&1‘(0"\ OF e\f\qrﬂe_ n phofodp_‘('zc-[-or
o as o cument pulse associated with « W\oviﬂj charge
between two capacitor plates, Fowm Ramo's Hieorem
<—-Z-—~a- Zﬁ(t) = _}(_V(,t) ‘for 0 < €< T+
———1|+_——- - Now add ‘togeﬂu- & se
) gumce of charges qe
L Tandom HMes : E e
Nt
o= Bateot) e oceer
Take +he Fourier transform No =¥ ¢ within interval T
) NT - o t.
W) = 2 () i
? \

FT of delt)  shitt property of F
Noise power is proportional to [\
L3 X)) = (’[e(,'f)ll ) Z;'erNre-—f?—'rf(t,' - 4)
3 - > (S § (t; —¢;
126 DI IS STl VAR WD IR 2nf ﬂ]

( (=§ tems



| = e L M Doy 3 e—n‘z«f(t,—-t,-)]

= Now fake the ensemble avernge: Sina the times 4/ are randoml

Crarb (b y comelated, afl +e
7Lerms e iarf (6 - %) with 1 # § avernge © zer

> JUPIT> = PN = [P TV

o |
- Thon Find the FT 0 () : average *electons / Eime
. Tt i 2
W) = [ T i) o
l
Tt 4y d ) f""gmcy f<<?t
o Fh e - F -y

L P> = ¢*TR

- The {inq\ step s T Yake out the dependen om the intrval T [x{ f""\dfncj e
spectral density "7C the moise: :

Pr = —IT}_;/:Q'L'T’LH:)I)dt n +/: ic)I2df  ~ —if/omm‘TCf)lﬁdf
= fo""scp df
whee  SCFY = TIPS = 27N = 29 (gN) = 2%3,\ e
Tkamfore, the noise cument is given by - o
[ - <0 4
: /
g

(be)

Unlike  Johnson nsise,  shiot noise s only present whon the mean photocument
is nonzerp, [e. when photons are ac‘i’uquv inciont on He defector



¢ Thevnal noise : noise associated with rtandom Fhewnal wietion OF  Charge
A\H\ow%k i will ot e devived here, this woise fs:

(ipy = g of s = 4KTR Af

Yharmal cument ﬂ\anmal‘ VoH'qgg
noise noise

Dnlite  ghot noise, the thermal noise i the photodetector does wot depend on
He number 0? photoas  facident

* Total moise:

NI 23<I>A]E + TR A

The rufio Of signal to noise power in @ detector without gain (such as o
p—1-m photodiode) rs:

where the photocyment is

®PY I - GR
SNR,. =
Q?m 23 (RP+ ID)Af + 4}_l<§-'l_'_ Af resmnsM{r\" \ ‘J}f‘«ﬁ“ﬂ power

and Iy = dark cument

I o defictor with gain, the shef nofse term naeds fo be modified
(see the next section on avalanche photodiodes)



Avalanche Photodiode. (APD)
A phrotodiode with an intnnsic camer wultiplication mechanism

' In the absorotion region, the large clctnc freld
induces avalanche breakdown; carriers moving in
this region to quickly qam enough Kinetic erergy
fo cause impact fonization, creating a new
glectron - hole pair

c In He \;d_&’o\\ case, on\.{ ore type o? camer
experiences & Multiplication e,H\ect- The cument
enhanement (n this case is:

[ ’
ix = Y Jn(x) 2 J,(x) = ¢“"* 7.,

ot the edge of the absorption reqion

Mﬂior\ with \,\cﬂk ) I W _ Snagt
decthc ‘F(e(d Inlw) = ¢ J. "o whine olm = € F.Or‘\;;%it'hbvl,
3 coeffrcrent
Width = W T Cont)
mylFipl§ caviown et without
focur i)

* a practice, Since each impact ionization prowss gerergtes an fWciron- hole pair,
the 3emm'tad holes Can also cause mpact vonization while M@V\'ng i the opposite
divectHon. In this case, Coupled df{}fen@nh'al equations must be solyed:

=

= Wndy + %pJdp where  Ofn and o are functions of the
electne ‘[l'e(d M the depletion regron.

|
.
& 3

T U tpTp

S
R

Note that

d
R(Jm + Jp) =0 = J = Jm + Sp is constant, due o cumwent conﬁnui‘h/
Solve:

aJ.
% = Ondn v Op(J-Jn) = (dn—0p)J + ofr

)5 we  assumg JpCW) =0, then we can “F"“d that the multipli cation
chfor (5

I
|~k '3
\Mwem whare K=,

(k=0 recorers the single - Caviec case)



= APD response time

MakW N L7

T = Tt + T where Ty, & Ye Vi ’
A \ﬁ . Ny e

Transit tiee m:v\:p‘\)\‘caﬁow approxienate expressin
process for- the duration of the
entire proass, assuming

large M,
> T ~ Mn k_w W by Wa\os
e n

T The gain- bandwidth poduct iqnoieg fuarfum efficiendy s

QKBW_; My\,' 2_-:‘--["

Ve |

GxBW = v =
1 2rkwW |+ S Y (l H@)
T Mn Kk Y M w
hererally
dominateg

- Conclusions: the JFQC‘['M- k= olp [oln descriloes

() A \qr()er k SfV‘es (arjer gain

2 A larse,,- K. 1nCreases pesponse Time,  redyces bavrdwid H,

k? Overall, 4he second eﬂlec;l' s s+mn3era
drops with lﬂfger* K, so Hhis fez,dback
a large gain (s the pAmary qoal

(3 A 1ar3er- k also increases mofse

4 Th %e;z.d‘oack Proess can Cuse instabilities,
avalanche ; gererally want fo avoid this
region thin, W << Wabs

W = muttip\icction,
region width

Wake = alosovetion
beg o wid+th

- e the extent +o which ‘Fep.dbac,k, (dve 4o
Impact fonfzation caused by hot hols) is present in the devie

the 3am—bqno\w{d+k product
Is 967\0,?'&”7 undesirable unlesg

lmdim] Yo uncontrolled
7 qul'ﬂj ‘the Multiplica+ipy



htgf'l—Fi'dd

Sepanrte - absorp-tion - multiplication. (SAM) APD pultiplication .
T regions, tw
* Absorb phetons 1 a large tnininsic reqion \ A
i 3 - -
hlow gereroted canders to drft under o - Y oot
moderate eectnc field
: AVQ\amdM‘nS occurs in a Tthin muttiplication “'——':v_ S
. obsorp+pn
Nﬂ\om r\ejion,, In GaAs

Notse i APDs .
. Sine Yhe aain wechanism involwes random pro@sses, hoise s qererated and

then amplified. What is the etfect on SNR?
Stgnal Power s multiplied by M
Shot noise poweer is multiplied by <M2>
- The %uqn"r(-h( <M*> s re-expressed using the noise ch{nr ¥

) . <M2 _\_
<M*> = KMFF g T <M>>2 . '<<M'L>*C“‘<)<2‘<m>>

X Fryi and %um\ﬁlﬁes the excess wnoise caysed Io\l
'H"Q 3a\‘vx proass
Note: F increases with K dwe to FHhe fadback
prowess, which produces eren more norse

The hoise f\‘ﬂqm is M?l’r\ed as NF = 1D '03 F o (d8)

: F(MH\,', the APD SNR s

O RpYMY
SNRuw = 29 (RP + I,) F<MF 4} + SN
;\_1056’”2)
Sine the noise factor F has a greatur- ?,i/’t’..-
eH:ecT on SNR when the cument is lO\"ij/ /
the APD is superior to the PIN only A
when the photocuwent is suﬁ\‘denflv - ol M’V
Small ‘
The C‘r\ahjt in S|0P¢ //":/ :
occurs once the shol noise > )
becomas Iarger than the / !
thormal noise / :
: sl (RP)

Crossover



¢  (oherent detrection

It /s possible fo measure both magnitude and phase of an tncident
optical field.

cal gscilat®”

* Sighal FGH
W

2wyt
gs B (gSo ¢ : I¢S

beamsplitter

where the amplitude and phase €50 and ¢$ are
Modulated wmudn wiore 3\ow\-., than %

Local oscillator ;feH

ary £
EL - ‘g;_,o e’ e 6I¢L

* Eadt photodetector wifl measune the Intensity

Photodetector 2 of the optical field.

- An ideal

double balanced mixer rs one in which

(1) The beams are perfect plane waves ond ave perfecHy aligned
(2) The beamsplitter equally splits the opfical power into the 2 pathe
(3 The Ywo paths have relative fengths such that Eg and E, will have
a T vhase ‘qg in one path, Compared Yo “Their relative path. tn the other
T\'\ere{org_ the miensities own the two detectors win pe.

l%i]?/“" 'L.z lgs ‘tulz = 3\_ )i'gsoll“ }fl-o,’L . 2%)50&0 wS(ZK(VS'V‘-)t N (¢5—¢'—)>]

> 1l = (181 18 17) - Lol ws (2ravit + (4 — 4.))

1617 = S (%)« 18010 + £ o cos (2may-t + (4 =)

H AV is small, That is K & VL, the incident light on the defector will be
N,at—f'{ monochroma+ic and the cument 1s propor+(onq| to the optical in+ensf+7

bfj" 1 = Ppe/hv = W({&)%le)/hv o« |El*

R A AT IS ICL VARG MO RS N
L =3I+ 43, < [ToE, cos (2mdvt o+ (h(t) - $, ()

P

interferents Yerm
cument dee Cument due
to direct defaction to divect gefortion

of signal power of LO power



= Notee that if we subtract the two detectyg s\‘gnq\s,

I, - II = 2 II-SI—L cos [ 2NAY-t + (h(‘t) . ¢|_(t)] Che‘\'efvdjne,)

~

v 2JI I, cos (P (8) — F (1)

(komodgne, By =0)
)(V\owimj all the parameters of ‘the local escillator (€uw, v, ¢L_> the

Magnitude of the signal Esp Can be estimated from L) or I,(E), while
the phase $s(t) can €asily be estimated from Lited ~I, ().

N Adv’an-!-asg; Qf rco\r\o,mf\f_“dekec*_lfovr\,.-

Measunre both the wmwodulated |'n‘['6hsi+xj and modulated phase of the
optteal field

* The measured f(eid 15 iomae. even ('f the St'gnal is weak, due to the presence
of a sfrong foal oscillator ; this improves +he SNR,

<|l‘llSIL C05C¢S_¢l—)|z_>_ 2<ls><%>
SNR wnoemt = 29<L > &F T 24 <1/€ af
<Is>
SNRcom\o,w = ZAj; where we assumed the local oscillator 1s

Mudh stronger than +he sighal . L5 > <Ig>
and is also large ehough fo overcome tharnq|
Nofse : 24<Li> > 4kT/R
- Meanwhile, the SNR of direct defection without gain s -

. < 0
SNRgirect = 2%<15>Af +(4KT/RIAS ‘%

So the SNR of wherent  detection s ~ 2x {.o\,. r‘eia"h'vehr S‘l'vomj
eren. wore  for weak sigaals

stgnqls , qnd
+ Note: An APD is vot desirable with
- Comparg to an APD:

wherent defection, becuuse it pogsesses
an SNR  benefit only when it is not
<IgS*M* {12

shot noise limited!
29 <1 >FM*A]  2¢Faf

So Coherent defoction s STl 2x betfer Than even. a noiseless
APD (F = DY +he local oscillator provides a type of noi seless gqm(



> Receiver areuit andlysis (Fom Ryan qumj’s thesis, Ch 2)
Consider Yhe Dpfical link below:!

[ QL::‘“’ %;ﬂ

lossless |ink
f =] T 1 [*
Yrunsmission

o /

Cin = Cq+ Cwire CoMMon
Stura GMP\'\Fer‘

lnput capacitana of
amplifier
- The power expended emitter fs:

Pre = fow- My - Non - forg whare  Npn = % photons /bit

fl

fit = bitrate (s)
= The power expended at the rewmiver fs:
Pre = IpVo
“ I can be shown that fhe runs conducton e of the MOS amplifier
Ip o Ip
G = 2(Ves Vi) = aver Mrere Vov = Vgs = Vau

* We assume that the transistor o designed  So thot ifs 2d8 bandwidth

oncides with the bit rate )Cbu—. Assu\mina some  other~ voeal amp[(ﬁ'er
properties, we aan obtdin

he = R M AT D e ga
The (nput voitage Is the voltage produced on the collecton o} capacitors
Cpp, Cwire, and Cg when Charge is  §enerated by the absorption of, a photon
(assume & phofodiode with wo 3q(r\)

@ Noh ) det
Cop + Cwine + Cq

2 Y =

Pu‘Hw‘n3 this together, We get:

Vout

Prx Voo Doy G, = 2V Yoy 2% fyiy O Vi

1l

_ 4 Vov Vour Vp Cp ( Cpp + Cuine + Cg) Jt



~ Find the fotal power i the ‘tronsmitter and reaiver, then divide by the bit rute

to ${— e evw%/bﬁ- Of the optical finke

EMB:I P‘b( + )D,.X 4r VovVouth Col Cop + Cﬁ + CW|'N.)
i S P Np * ~
Fuit § Now, Ydet
\-.-r——v—-—x_.—/ e —— “---.\/,-————ﬂ_____ﬂ________)
wuenm;—\-er reciver erorg y
) l)sfn3 the valmes: My = Yor = 4
VD =Yout = 4V, Yoy = 100mV 5 realistic valines compared
Cq = C. = 200aF to 1788, 2013

* Thic leads fo- Fhe fo“owir\cj plot :

Brergy / b
rg\f/ it 'T\ ¥ Simplified Qﬂa‘&,s(s'.

403 T Does not consider SNR

1pJ . Chp + Cwire ;

N\ /
R N __,,

100 §3 | b ™

. X\ ™~ e » . ) 'r(&\\

M W@

io¥3 \\ Do \'\ N~ T G :

“a, \\ N e
6‘," ~ e A

ifJ Nt = h \t\“‘_“‘- = /

0.l £7 : . L ' > *Photons/bit (Npw
f jo Jo> 2t 105 ob 0% )

Condusions :

- Redudnﬂ the number of photons/ bit does not always (mprove +ha emrg\,/b(f
o% communication

For large Neh, the transmitter dominates the energy cost, so reducing
Neh helps

For small Nph, the amp!if{er erergy dominates : the photodiode stgnal
becomes veny low, and more electnzal power will be ngpded to ampll'ﬁ:

+he sfghal

= The photodetactor Capacitance (inc\udin3 Cwire) must be reduced o
decrease the lowest adhievable energy/bit

. LDW C’PD -2 more, Vb\facae b'e.f\ pho'['OVL

* Cwire Can be reduced by Fight I"\‘l'ejm-h’on of the photodiode and amp\iFeV‘



* Bit errov rate and SNR

- The bit enor rate is broadly defined as tre fraction of detectd . bits that

contains an ervor; a Tolerable valre s no more than 10—?, a Speci]cfca‘h’on of
(07 is common

- Suppose +that ff a ‘1° signal s detected, the expected vottage signal is
Vi. If & 0 Signal 15 detected, the expected signal voltage 15 0. Suppose
also that +he nojse s Gaussian, with « probability distnbation fanchions

3"Nw b@IOW? ?
(v=v))*
o) = l T AYE
{ -
T o2y
Po(V) = Vax &
T -—-—l—_._\\““x.h ;
There Vo is the nofse vanance . 0 Vref " '

In a4 reciver System, o dygital comparator inspects the Signal voltage V and
decides that « bit s R )“7\ V>Vre{-, and 0’ it V(Vve{, and MSMQHY
me = 3'_\/\ Is chosen.
> An enor occurs if ¥V > V&f Rven H\ouﬂh the bt (s (0
We can %‘nd s pvobauli+7 blj in‘b.amfl'f\g Py :

00 L | . L
: _ Y
BER /V&f Py = /‘wa Yedar € ™ av
Y re
)\‘l:" z = T,L Y, 0{2— = % , 3o EN{, = vTj
> BER = T f ST Vret
S T e ¢ a2 T QGzep) - @(5E)

Notie that if Vi represents the expected voltage when a voltage (s
present, then Vief /Va = Y,/2%, represents ha\f the SNR

_—

8RR - a(zsw) - =] o
_ T2

-—

for BER = 1077

B 72
dz

— =l

>
( Gaussian V\ot'se,>

SR =4

we  Tind



‘ ®~__V~QV\‘NB\. noise limit
= If we consider only shot noise, what is the minimunm wnumber of photons  we
can use and Stll Hransmit with a specified BER?

IS T S S e 74 T
SWR { 29 Iph Af | g Toh Fuit Foit ﬂ/—"i
# photons

T
Af = 2w oit
(N\‘%uisf \im'\‘\’)

We krow that if the nofSe s Qaussian, the veguired SMR =6 1o get BER = 1077
This means that :

Noh = SNRz = 3} pho—hmsﬁ-t (for (i')

- The shot woise achm'lh, fullows a  Porsson distribution, which (s well approximated
a5 Caussian noise cmul for large photon wumbers. Fpr swall photon mumbers, e

phvor (S Sl"ghifrcani', and the above 15 wodified o 20 photons /bit  (for (4')



@ Optical modulators

- There are various ways T6 vodulate on optical sfgna\ other than A r~ec:\'lc1

modulating the faser diode i‘cse\f ; these methods are called extemal modulation
- Motivations Jor extemal nodulation

. Po-’ren‘tia\l\{ achieve o greater podulafion bandwidth ( nof fimited by wp.)
* Avoid the -‘fm%u@n(,\{ C,\/\\‘Y"P'i'n‘\(j ef‘-fec-\- in direct mwodulation
* Makes possible phase modulaton — coherent detection

~ The cost s )'\"55\01‘ power consumption and greater coMpthf-h;

= Most high-speed optical links 10 Gbps rely on extemal modulators

- Electwo - optic modulators

- In geraral, The refrmctive indax or\: a mateval can e a Function of
W%\'e(d, dne o hnom-lineanties:

MCE) = My + 0,E + a2, E® +..,

lirear electyp -optic uadrafic elechp-optic
(Pockals) e ffect b

Cken &ﬂ:ec-(—
o Oysfals with contro-sgmmetuy have @) =0, so the guadratic effect
dominates (thougn if stil tends to be weak)
. caneful engineenng 13 Nee@ssany fo produca a desined Am along Yhe direction
0? Pmpuaq-\—ior\ of the field
- e.q. A fid of 10° V/em on Gaks can produce An = 3y [074
B \“+€jr0+ed electro-optic intensity modulator:

The wavequide mode is spht cqually at +he
Frs‘i- Fork;

T FD v then ﬂ"‘“{ are  combined Va+ the second
Hy
\x = |2 5 (g +am) g :
o=
7

+ 25p 3

. 2 . ur
= 2408 -] 5 2A
Tour = g/ X *?IQtA ‘ﬂil

3
= El* (% + § s (Brand))

The two pathe experiena \Iou‘r = "EOIzw51<2%A'h'¢,Q>
the same Am but oppasite “
in $l'7m

infensity wodulation, through  Am v)



Tut = 1Bl 1+ cos(‘l;%A'n(v)JL)] = 1B ws*( FFan(n0Q)
« When V=0, Am=0 and Iut = I Eol*
* When V is such that Q{‘Am.& =1, Xt = 0. What s ¥he wxaav»imi
of his destuctive inferferenc 7
E The im"‘re‘“""‘j Modes odd up to o Tirst- order
|

Mode, which Is viof Supporwd by the output
\:iber, so if %w‘d:h, feaks ou+t

Kt -

* LiNbO3 electro-optic modulators hove bean demonstrated with speeds
in the 10- 40 Glps range

Franz - keldush effect

~ When o voltage is applied acrwss & semiconductor aRsovrption reqgion,

the electron wavefunctions  become Ainy Functions (tnangular petential wel|
< olufions fo Sc\'wﬁoh'njer's e%ua-h'on):

- As a resurt,
The qap, it b

due o WOW?L!V\cTion peratrostion into

Comes possible for photons below the
bmhdtjﬂp gy to be dbsorbed. The effective
bqndgqp (§:

pey = ()" Grey”

This can be considered g Pho ton —assisted
h,mr\d(nj promss

- The absorption can be wwdulated with vol'l-age

o Choose o Seviconductor with Eq > W, vhere by s Tre ererqy of the
signal photon L

1{-\ o vol‘rage is applied, the waterigl s Transparent o the photon — ‘1
< W} a sufficent voltage is applied, Fhe matenal can absert the  photon
yia the thv\z—ke\d«{s\’t eﬁec‘t —

= Vp fo o = (000 em™ (s achievable



e Quantum- co‘/\ﬂ:"y“ld S{—O‘C‘iEﬁe&

Dndar an eectnc field , The tﬂ:ecﬁve bamlgap
Ef’f o]t a quanium well also decreases, duve ‘o

the  separation gf the electmn and hole
wavefunctions to oppesite sides of Fhe guantum

yeell

+ The dbsorption edge e.ﬂter;{r'w‘e‘nkr shitds o o lower
erergy , winch i the Franz-Keldysh offect in
ﬂ \ a buk materal uvder an applied voltage
* The gergrated electron and hole %‘i’ant separated,
So thic can ‘oe considered a ?ovm o\\—
Mﬁ._ﬂmW@} e elechon and hole
ﬁ N\ interoct ﬂ'xmu%h the Coulomd Po‘i’eh-h'ql
S r'\al o tw
¢ oton

* Free camer eﬁ:ed' in i

* P cawder absorption: 00sorption Of photons b<1 caniers, with inftial ang -?ina\
STafes in the same band =  photon erergq s converted to Kinetic energy

m(E)
f;ﬁ;gm; v Due o the Femni-Dirac distrsbution,
i Most of e eectrons occup y States
b within a few KT of the conduction band,
/‘T&_ with o decaying Yhavwgl tail at hr'gh energres
e —> £ 3 number o¥ available Jﬁ"”— camier
Ec erergy  Transittens decrease with
olkw) 4 ~ nterband larjey- p hoton eneryy

*}Nﬂ, camer” . i
abssrption | otbsorption
; > o/ (huo) decreases with photon

£/ |
g ! erergy , until the onset of
£/ iterband absorption
\

g___l_l_:)v.h,,o + Capviey d@_f\sf-{‘t{ dependence: the akoowe P\M’Sics
9 =lle can be captured A a fhez canmer abSOV)o—er'ofL
(ross-section:

dURw) = o (hw) M

(om™) (em®) (ow?)



© Prav camier index modulation: the Kramers - Kronig IV*e\.a_Lﬁons reguine .ﬂ\a{— «
Change. i the absorption wefficent of the watenal be accompanied by a change
in the real permittivity, and Herefore the refracﬂwe index Am

1Y 30T L ANSE
“ln Si, Am = (-8.8« lod"icwé)-‘ANe + (=88 x10 "Pem ) h

& - ~ — 0.00
‘TI'HAS/ ff AN@ = ANh. = /0’ e 3/ A’)’l 0 3
This index change s capable O\E Pmducing a
)qrﬂe in de.x change over L ~ 100 e — |

* Pree carver eﬁec\' modulator ?or S phOTonfCS

Mach-2ehnder __l P modulator |
Mmodulator / P o

/ e 3104

" By applying a yeverse o to
P=m junction, +he dep letion
region which coincides with +he
optical mode Can be fqhﬁlu‘
L deprived Of Camers (or supplied
With camiers i+ biased (n -the
foi’War*ol direction )

modulation
Signal

- Thee s q fundqun-\—a\ 'h‘qo\a-ofF befwesn index chan

9¢ and loss/
- A loﬂﬂgr device produces o [qv‘geh phase shi

tH bat alco more (oss
C A greatar carvier dD.V\SH'Y produces ® greater index c\')thje, but also gires
nse fo more abssrpiton

Carmer deNnsity can be modulated at ~ 50 Gops

* Themo-optic effect

" The M]Cm‘:ﬁ"“’" index s o f’"”CH"’l- "'IC temperature, dine o Hhermal expansron dnd the
bardgap dependence on femperature
“In Sy, % x 2x07*K" > Am=0.05 for AT = 300k - 270k
Lal’ger than the  free camier effect!

Slow response: time fo heat/cool is ~4ms o ~dus for ey small stnictures
Suifable for tunable filters, buf not modulators

. Large power consump Hon



@ \SEM\b_mduc—ror- DQViCe%S.I‘- selected conepts

® Cl/(YY\el\-'r 'F‘DVV: o
~n . .
- bt J o= gmv = gmuE whare & = dnft velocity

where  pis the wobility: Mo g T/m¥  with T = mean free time
* M detreases with dopant Concertrmtion dve to fonized impu‘f\_‘"f Sca-H'eh'nj
+ Temperature dependence :
- lattice sauttenng (ncreases with fewperature /Ll'

-~ lonized fMDQV\"l'L/ scatfenng decrenses with femperatyre becquse
ong hawe  a s{-mv\aer effect on camiers with smaller fharmal

relocity:
3kT
Yin = T = /uT with hmpera'furq_

- In Wavih( doped Samples, the W\Obili'\'t{ peaks at an Inferwadiaty
Temperatune doe o these effects |

- At high fields, ‘the dnf+ veloaty saturates due to strong scaﬂev)‘nj
{mm optical phonons
- Diffusion . Ji = gDyVm  (elactrons) where D s e diffusivity
Jig = — 30V (holes)

= In tguilibrmum, the total cument is 2ero for each cCarer type:
for elctrons, ™ 1D we have

Id,‘.. + Jd:‘nf = g/bn'nE + ZDN % = 0
Note | 4E g (B — Ei)/ET :
E-3a =~ Jap, ™7 0 eguiibeiu
An i (5 -EDNT [ dE g
Z dx = kT (}‘r/“ Tx‘)

Dn
= et

Mn = KT

F Dy kT . .
or _ = Enstein _re\ahon,
N z =L ——

Dy on/s, pn: e/ Vs




*  Recombination /gereration

~ Optical generation

% ) B ASS\AV\% monochromaiic iMcident Wg"\‘\‘ with hy > Eg
\)/ E 4 The optical density decays into the semiconductor as:

-y
I = Io e
@

Photons genorate electon-Vole pairs « Fhus -the gereration ratg
(s fthe same for beth camers and has the Same spatial

tependen @
om. . &p i
ot opt ot )op‘t b GLO :

Sho ckley - Reed - Hall recombination / gereration

ket Mo, p, = e%uilibn‘qm Camer con entrationg, and An = m -m,
AP = P =Py
= Evfﬂem‘_fﬂi?_cﬁ?ﬂi the excess Minon+ty carmer Con@ntration s ShIl muck
smalfer than +he majon'-i—Y camer nentration. Thys constitutes a Smalf
perfurbation : A9 << P, O p-type), Ap << Ny (in M -type)
+ This witl be assumed through the analysis

* The ret thevmal SRH recombination, rak (s gfven by (in an N-type Matrzn‘q\)-’
op . 2r . op
Ot lsey = It |spun 3t |ser,q

i

— CpNrp  + CoNvrp, = — CpNy Cp—ps)
/ s

hole recombination rate: hole Sev\qm‘\-\'ov\. rate
Er > Er, so ¥ elections Yhat
occupy the Aravel simply
e%qa/s ‘H\e‘h‘ap ofzns:'w‘y Ny ° W Constant Cp depends on e
Trap cross section 0%y, the camer
" ™ therma velocity Vi, p, efc.
ot [spy T Tp where Qo=

P
*in eg uilibrum, ét]'sau = 0, as expected. In nonequiltbrium condi-tions,
this guantity (s nonzern, and is of course halanced n ereucl\l state b7 the,
&ctation that drives the Systum out o'f t%ui\ibfium

Tp 1s the minon‘h, camier lifetimg, In a p-type materal, Ty s the
'm\‘non‘-h’ camer~ | Fe‘time.



Continuity eq uations :

- D \
cGrort withh Gauss's law: V:E = E}’
Take time dersvative: 5 8E o b o 1= 18
e SR Vost = V(5,7 8-5T) = & ot
- s o
V-3 - - %

19 we apply this sepamuh{ to electrons and holes, we have:
In

N~ . S
ot ] N It lother These are the corctina ity
o = &P t%uqﬁoﬂs ?or Caraiers (a
0T = —E V- p It | other a semiconductor

dritt and diffusion

recombination
/out of a volume

and jer\p,ra‘t'l'm
within & velume

. _Cq_w_iet- !(‘Feﬁma measurememt Vo optical excitation

- Consider gn M-type matenal in AD, and Hat the intensity Of radicrtion (s
uniform. within Tts volume (i.e. weak absorption), and that there is no

Opplied field:
%A_t& =—Ji£-<JP/°'”'H ! gﬁsen &
= “‘éfg( 30p 3y Ap) — ét% + G
%’E T b %% - %’, * G
) \

diﬁqsi on SeH

optical
ecombination,

9 erefatiovy

Undes Yhe assumption of um"fom qeveration, Ap (s the same cven where
JLP. Lp
> ot = GL o tP

Appiﬂfng the Sooumdqm’ condition that Ap (t=0) =0, the solution rg
Ap(tY) = G.Tp () — ¢~ t/tp)

/

~ After the light shufs oﬂ}, Ap decmrs Fm M s
bxaess hole S‘ﬂ'egd(f ~state valve:
UUI\S\‘I"J in .S*tnady
- stete

AP“}) = @L Tp e_t/tP



= A photoconductivity measurement can be used to extmet T

AOLE) = [ jn + jtp) Dp(t)

The oLeca\{ constant of Condut‘:\—iv\"h’ (s eqsih{ Manifeste.d n the o\cht{ of o
voltege across a load; this gives the lifetime Tp

= Dilfusion lenqth

* Suppose that \\‘3¥\+ is ﬂ:q\lui alosorbed within an  infinitesimal sheet at fhe
. : ’ N , 1 N - S [ . | . - «
Semiconductor’s sur{-\acﬁ: what s The distrmbution o} mm‘mTY amers /

- Awm{ {mm The sw—?aq (2>0), G =0 and in z }(
Steady-state dapl/at = O A <——fj}=o
My
Ap Ap A l% ooy alosorbed
gg-t = 0 = DP CQ}(,"L o ’_'E% v

Solve. this subject to Ap(2=0) = Ap, Ap(2¥c0) = 0

P Apl2) = Ap, ¢

i Z/LP

Afo

W»\QJ‘Q ‘ LP = \IDP’CP & 1S "H'\Q di":s:“s(‘()n Lp'"s-m ‘___..}‘__________%Z.

" This length refers to fhe average distance +hat a minovity camer can trave]

be;{:om Y‘Qcombininj

° In photodetectors

.
t
® ~—>r I, <
(
P '1 '
| b
‘ / . .|'
L i
*. /
: = S '-—O/L
o 1
kN |
|
i
S

Lp

¢« ln solar coMs:

- To fully 2bsoro swnlight, the i
Must be Suﬁa‘ciem‘rhf thick ; Yhe
diffusion length must be at
least 4his Yhickwess, as otharwise
the collection o% mimﬂ"h( awners
hecomes wery ineﬁfcien* (fow EQE)

- If « photon is absorbed in the depletion negion
/

T is swept by the large electnc field +o +he
region. where it s « maJ"on'Jr\{ carmer
\> the exteimal %uqn“tuvw QH:\'C(cV\c«( (* absorbed
photons To the ¥ collected trers) s o 4

- ‘? a photon is absprped Within o d\'ﬁqs.‘on
length, outside +he depletion region, the
gererated minovity camier has o good chane
of veaching the depletion region, Hen collocted

> EQE =« 50%

lf a photon (s dbosserbed maore han a oli‘FFuS‘(or\
ﬁevxg@r\ from the depletion regian, the * generuted,
minority carcer will almost tertyin
recombing be?o& Nad/)("\j the depletion regiow.
(via SQH)



® Diode ideality factor
« An idea| diode has the ‘?o\low\‘ng 1-Y characte stic

1 = Io (ng/KT_ \>

In qet¥ing to this equation, several Vdeal assumptions Were made

(1) Lew injection
(2) No  recomoination /gereration in +the depletion regton
(3) Excess minonty conmntration = 0 &t Ohmic contacts
(52 %uqsc'-mw\'m\ regions are Severa| o\l’ﬁusrovk lengths Hirck)

’ DeVl‘Q'\'\'f\a From AN of thase assumptions C'V'Ctﬂges the 1deal chavactenstic,
The “ideality fuc.jt_ur " reasures these deviations

I(V) o« Q%V/%kT M= A ‘Fm‘ (deal dcode

This conwpt s reevant under *Forwamd bias when the I-V cunce I
exporential. The valwe of M can vory with voltuge.,

. ASS\AMP'HOVL (M s bk at \m‘sh voH—qae, @ s brwoken at low vol+acje,
and @ s gemhallcl valrd.

- Under forward bias, an exase curent Hows due to SRH
rombination jn the depletion region.

J'Xn om

ISRH == %A e ot d’)(

SRH

A n'govbus "'W“TV\OJ/\'\' of S@H 3{(/95;

%%\ M=y
SRH Tp(M+m) + T (p+p))
where m = %"@(ET-E")/KT, o = n e(E/—Er)fkT
© The result ‘For 1Eorwcu*d bias is:
pren g QU l m Voi -V gV /2 kT
Toa = DVTOW“%%%JWET = mm]ﬂ/- 6)

depletion widH,
The SRH cutrent has ideali-ty

) ‘ fad'or m= 2
- Note: in reverse bius, an exass reverse

Cumrent s SN thot anses from SRM
Sey\m—uﬁm in the  deplotion (‘esl'om



= High cument prenomema .
3h P Sﬂfg‘;?g&anm
¢ Senes resistanice

V/ kT (V—IR)/ kT
I=1I,eb S I,et ’
This causes a high~cument roil-over of the diode J-V curve
. le'gﬁh—levg\ fnjec’n’on'- the \'Y)jed?ed Mu‘noh"“{ Camer concentration becomes

Comparable to the majonity carier concentration o either side

2 Y/ KT TN
>, 1 P'+‘5PB: /nPPP - %P(NA I, ’)’)P) = M QB where 1t 1s no longer ‘e that

N — Mp << NA
Mp = - e L NE s gz BET
_ Na 2 7 V/2kT
Mo = 3 [\II+ 4%};-1@3‘,/&1' - \] = ’Y),'(Z‘8
and 7 = . N ok v/iak
(i L Fn = TDHH %e%WkT*\] T )
b
P D V/2kT )
> J = (% ﬁ + g Z%) ’nfetb —>  Thus, ’YE under high level iajection

Com‘oinimi these e\\-?ec\-s, Iy ‘h{p)'ca\ I1-V curve MaY fook like:
log I

M

-
s

— ) —_\
Seres resistance

N =2

//’//:\ biftusion, high injection

~ "\'—‘l

Diffusion, low injection,

/-J {' Cideal drode) * Note: under high injection , thene
?Xh o —_— s s also a \ro‘dage dmp induzd ra
m =2

the guasi-neutral regfon

Pepletion reg ion SRH
rombina-tion



¢ AC response of diodes

The response is siﬂh'\\\"an'i’W different for a reverse -biased dicde (eg. o
Phofoo\(od&) vs. a JfOrwoum\-“"'ﬂsed dlode  Ce.g. an LED / laser )

- Reverse boras: e Mesponse is dominated by the junction tapacitance

depietion - An, AC voltuge «S\'Sna\ V0 reverse bias tends +o Modulaty
T e  depletion width W
~ -+t .
P P o - Sine the conductane s swiall i reverce bias, the diode
|

T T Y ¢cts as a vanable Capacifor:

A e W Y l%%(vm—\/)

A4 S~ gntly doped side

W \_CJ =

- \% the modulation 5 Small, CI s cnstant and +the
Speed o'\\— the diede Cirauit o communicate itsg Sfgnal o
a lod is: T = R Cy

- Forvvqrd blas

The junction capacianc s¥ill exists, but there is also S('gm'ffcmﬂ—
corrtnoution {’f“om m(non‘-h( camer charge oSC([la'h‘ons; Hhis s the
ofgin oJ[\ dittusion capacituncg, which g ﬁiwe%wmcy—dzpendbn-k
‘ ~
= We must solwe the small-signal version of the m\‘non+a1 corm e~ o\fH»\us.‘on
e%ua-h'on. Consider the a-side o'f a P+'% /'unc,‘h'an:

QAgzppé)fép*Aﬂ

ot dx* Tp
RE £ wt
S () jwt 9*p jwt fwt © u fi
A wpe = Dp gEm e - e here e s the
Small AC wodylation O'F the
orp Al . minonty camer Concowrtigtion
0 = DP Ixx P ( Tp i Zw) !

2.0 g
0 = Dp%i‘z —'%,(H?W'CP)

- The bouno\oh’ conditions one . ﬁ(%» ) =0

where Vs the small AC

= NE ov/kT 7
ad  p(x=%xp) = T\(J;e% (egv/u_ |)
: VOH'a:ae .S\'Snad, V' s the DC bias

+ Solutiom For\ curcent :

o V/kT .
T L livwn - Vo glivien
I V/ev ;
Where. (‘\lo - %— = %63 is the low-‘F"U&WﬂCt( Ccv\duc:('qlﬂce
- 1
kT/g



Fa%d
Y

1L = C(o [+ 1wTp - Y
\.F-——-Y——-\,,/
small-signal  admittance Y, = Gp + 7w Cp

- The odmittance can be separited into
A1 /2
* Diffusion conductana Gp = \IEC'fO (l,+ W TE + |)

N . /2
+ Diffusion tapacitance Cp = T‘;—L Go w = P 1)

= Sincw == grareg s

the diffusion capacitance becomes veny laﬂje as ‘the
fomrard bias 5 increased

Frequency dependence :

1T

==
Low, fm%mnc«, w << ‘tL,; w G = Go;cn% T 2kT/g
Be(fond +his f”"‘b‘/‘wo‘{/ Cp decreases with I‘f’lcw,as""j w

= Implications o? -H\} @iﬁ%ﬁ?" capacitance

How much Signal voltage is produced by the alsonption of N photons ?

Photodetector (reverse bfased)

N =
N = CraY > sy = B s

e\
* Phototransis tor ( forward biased): @

- I & phototrnsistor (npm) +he dbsorbed photons ‘/Ob@\
3emm-lz holes n the base. The holes ottruct elections, h ~
n P m

and {:or‘ each hole Stored there many clectrone can
flow across the base without 56‘"5’13 lost: +he ratio is

e same as that of photoconductive 9ain, Tp /T4

> ¢N = CsAY + AT- Ty

e T

# ¢ ot flow + holes

ACIDSS J'unc:h'on, each, - S+°N: I3
fakiv\s 1 Hransit time The base

=
- CJAV + 'Hg- 4Av Th—

= because of diffusion
N = (G + ST YAV s ap = N

et tapacitana, wore photons
k7% G+ Cy are needed to produce a
Yol fe AV ¢ itive /
K In the BT base, Ty > Tir in of age AV less sensitive
Caleul atin

g Cp. This is because +he
base. side of +he pn junction is ery narrow.



@ E\ec‘rmmqjm‘rics and g@h'c.s] : selecked Concepts

- E|e¢h0ma<jm+\'c, bouhdqyxf conditions

r shat of ‘
: charge App\t{ Gauss's law to the pill boy:
| The srdes contnbuk nothing o ?(ux
Sine ¥he boundqﬁ s \‘nf—\‘m-(-g[({ HMin

S

DA ~PoA = opA

[ - wE2 - 5]

Dse the same reasoning for rMagretic Yietd

V.8<0 = js B.JA =0

BEA - BJA =0 > ]Bf—eij

=

g, M /%“‘:* T [ - Now cConsider AN ampengn \pe
> P oal
[ - TM \iy the. surface - °"9
___,-—" -.»‘l)' |
| ,-"r'i:ﬂ &' ~ ,-’ - JEN Qé
e eSS T Ea-w
“ Sl !
| e /\?‘-W $E A =~ - L[&a
| ~ / f : dt
I cament density L $
erpl (( —\f B E . I -9 . 'H“)‘ Vanishes
! “ % dz 9
21l =
91 = B E
- F\‘V\qll&(, use Ampere's law : + - /
V() =T *ese > $HA -

d —_
I + RL ¢E-dA = If

> Hed - Hed = Ig = Ef ; (%XQQ/ P;f:e"jﬁ;:,zﬁ’mm

L the arapen®” oer
H| - HZ = k-j: X m X
R ot
}'II| 8,” - 741 B, = Kgxm density in fhe plane of the boundaw. t.g, it

’)%=é, E-:f . kf;,)é = kfxg



lorgues and foras on wageetic dipoles
(onsider o dipole fo be this cument (oo

- Racatl: F = %“\7 X §
o a2 There 15 no ret 1'0\“60\42 on He
@ S 2 r Sides of ength a, because
ik ~ == ]\ o fhe ‘Fof‘cas canal, On +the other
V;/-« \ 7 . F o5 Sides with fength b, the torgue
< s o SN Is:
3 = - &\\ ¥ - - =
gt «,0(4““‘? ' 03«\ / T = FyxF
o ] ™~ > - -
Fantli et Z - aFsuo £
x
F= 1IbB 4
A
> T = abIlBsinO0xX = MBsinmbs
= 1 T = /mxB| —-> preeession

The magnetic field acts Yo vptate +he wagretic dipole,
Until it aligns with the $reld

The potential erergy of the dipole in a ™Magnetic field s
I by : ' =———
et Jus -m-B\
Thus, th order to minimize v, the pm?emd con*?qurq-ﬁon 's o
have W parullel with B, A preassion dirole tends to dampen and
relax to this state
- E)Q-Fecf o atomic orbits — Dl‘qtfngcjmﬁsm
’ )Maﬂ'.& thot 10 an atom, an electon avborts the nucleus at o radius R d
eompletos a V‘Q/VOID(‘HOH in timeg T = 2_7'['&/'\/ o
2 S SR A
1 — l - T B anR
C I
l—_>_-r-"'-

I* oPposity the
=

> im
—
m

mMotion of eloctrons

TR zgv Q 2
H we introduce & magretic field, we need ts add Lorentz force 4o +he
classical centrpeftal Fov‘a of the Orb1'+v‘/\9 electrpn z
~
° 2
Ne_ [ e } _
Me K - 4—1(20 R‘L + z'yeg //" 'E':‘_‘
& e—=—1¢%
antnpetal Coulomb Lorenta ~ fe
form_ com porem+ Compongm+ o
WNV‘Q /ye =

V‘Q,ioci'hl w/ VV\OjNL’l'I'(. f{e&l



This leads +o-:

Ll Ve L g2 Me 12 _ 2 e
e = 36(”"“5 T 4ng, %r?) = §BR (ve ) = 9 BR Sl
2 AY = -:l;_ ,E,i (c\namje_ in electron speed)
= : A R
Am = - zZAv)Qz = 7 4w

. If a Magretic fz’e[d is applied, the Magretic dipole moment changes
in the directron opposite the direction of the field. This s ultimately
becquse +he Magnetic freld Speeds up +the electrons, but +he elchons’
orbital mothon has a hegative dipole moment

« Whew B=0, M =0 in a matenal sine the atoms cre mndo,,n[y
onented. But l’f B> 0, M< O odue To this ?F-?ect - Yhis i Q_\'amaﬂmﬁsvvl

= Paramaqm-\—\sm
z * W we ignore atomic orbital motion, the electiom is SHIl a
Magretic dipole dve to its inthasic ocbital womentum, or Spin:
m = 'd I\
f e‘QCjTDV\. Sp(n
mil;::;‘:g angular momentum

Mowren )

T 9‘1mma¢]wd—(c at0, 'Y >0
‘ T‘/\MS, we st have W Torzb(,g f = /)'—;L X T@?

Buf note that the elechpn dlso hag angular momentum f, So there will be
precession of He Mmagretic dipole .

= a3 =y dem,
L = 4€ = M xB > TF - YmxE
H: W Now includg ev\o,rqc( V\Q[axwt\'ovx, which tends fo minimize () = -');25\

ond phase relaxation, which redugg My and My

o . Mz - Mo My + M {
4t = TmxB — 7 = “——LTQ_ - | < Bloch eg uation
PN’.CessfoV\ Emrq:{ Phase
8 ‘ ré\oxo tiovu velaxa+tion
3’ = Phecession My =My in
grency Steady state

where B = B3



—

= Nofe that " Yends to align with B, as expected dassfcqll:{. Howerer, duve to
the  Pauli exclusion pnnciple, the eloctrons ra atoms fend fo come in pairs with
opposite Spin = o net tor‘zw,./

Thic e*H:ed' e +W{:0N only seem M some wetals which have unpaired outer
shell electrons, oand in these matenals s stonger than dibmagw,ﬁsm
* ks §=O/ /\7 =0, oagain dve to random onentation o{ electrong
*)f B>o, M>0 > paramagretism
Remains eak, as random collisions diSrup+ the aligament

Pm-i—oﬂs in The nucleus are also paramagretic : this s the basss 1:0)* nuclear
Magretic resonance and maghetic resonan@ Magig

FEYY‘O maqhe,ﬁsm

Exchange interaction: o unpained valenc electrons n adjaent atoms repel each
pther ({- JM;_L[ have the same spin, dw to the Pauly exclusion pnnciple

The reduced wavefunction overlap qives the parallel -spin  state
electrostatic potential ene r9y

less
= long—mnge ﬁh‘ghmom‘i' of magretic dipole momants

- In ‘Y’emMasvv;tS, The Spins oP all the Unpaired electron w

Hhin o domain (whieh
Can have macvoscopic -Size) are all “h'gr\ed

* The dipoles within a domain respond in unison <o a

g€ reld B, oand can
refain their magrgtization after B switches off
—

Permanent mageetizachion Pecat
T to i Bt e DR
Saturation of vy IR /“OM
Slope: = (//(0 -+ ﬂoYM) -"T
Moo Yo = pty g = U+ %) R
N - s —)-T N

M

I ﬁ\to/ ﬁ =0

})cmwjrgf'nzed, domains ore random|
alighed w.r.+; each other 7




o Phase c\nanses on reflection

M Ma - The nomal incldence om plitude reflectivity s polanzation -independent;
o _; . ro~ ,:;[: 2‘1 ——> T phase shif+ \'-f Ny < Na  (low > hl’qk)
Ty 0 phase shift if @ >ma (high - tow)
l. T phase shiff Yor reflection from perfect conductor
* Tetl intemal retection
From Spell's law : m, sin O, = Mysin By

let the wave be incident from m, > wm ot 0,= 6

n
sin ©, = ‘,ﬁ sin O
Mo
At =0, @ sinb=| o 8 = B ]f 8> Bc, B, s vo longer o
real pumber! But let's proceed fo  examine the wave in m,

[CkyMy S0, )% (KoM, cos ©,) 2

E] = ¢ 2
_ e[ko'n,_sma-'x 6I"<o4’l, Cos &;- 2 >1
."-a_/"“-—-'/ﬁ_“'\
" | \*
where 050 = oo (sin™ ( ?1, sin 9)) = J | — (%2; St'ne)

cos &y = ZJ(—%Z-’ ging)z—l

R ) M2 2 "
S El _ e//<0'n2 Sin 8% & koz\[’(?,,—{ sinB)—1 * M

- 8 (% sy .
= ¢
A A

ngk - 21((7“ .l(m,ﬁ SN 0):—; ‘ B 2 ?nfsmze "mli

* Thete (s o phase shift on total intemal reflection Hhat is a continuous
Slr"‘v'\c:h‘oy\ Of angle ; the amount of the phase shift & Tedious fo calculate

The perefration depth s ¢ ¢

Phase shift s 0 ot O =6
- Phase shift increases as B increases beyond O

- Phase shift s W™ at § = &

The phase shift might be interpreted ag the peretration of +he qufnmi- (NOT
the erergy) into the other medium cetore being reflected back.



* Thin_{ilm reflection

¥ order -f—or tre Ywo r*c'Flected- weaves -y

l'ni‘erfem COYIS'f'Vuc‘f'ive(L{, teir phase wrusy

matchh (to o 'Fac_‘['or of 27) at points A and B
=~ Phase acumulated by reflected voy 1

AX = 2d taq 0,

m
where sin 0, = - gin g,
Hhan : 5 e N
7 \\ ST = Ax
¢ B e
v // o .
Ny >N Wis s important / rﬁ‘————A; —'_f_\~ tQ[ = Ax gsin 8
Ly = 2d tan 0, sin B,
¢] b ko %/(’Q[ + <
= ko * 2d tan 6, - M sin@, +T
= Phqse accumm\q‘ted \OLI V\Qﬂecbd rate 2 ’& {'h?;:’l Top
Surace
d 2dm refl -
P k n., - 2 o a. ectfion,
¢2. 0t cos 0, }<O cos B, Sinc My<m,
—W‘Q phase o\fﬂter\enq s :
2dm,
Ap = ¢9~h¢r = % rese, ko 2d tan €, Misin 8, — T ;
it e
- Ma phase s il
= lkgd ( ws B, mn, tan D, sin 9'> - T ot reflec
“ (u'f
= d "— . =
ko d g (cos 6y  Tanb sin e,\) s AOPL

| — sin*p o
2mkod (L )T > Ad = Ky (omad st - r

It

Subsezuuﬁ reflected Tays  hawng A?S = ko(l’nzd s 82) since
4

2

all of the (ntemq |
reflections indu o phase shif+ in this geometiy , and

Fransmittfed rags always have no phase Shitt at +he boundan/
- Thmi:nr@f unless the \'ﬂl"h'tlil'v reflected rq

(unlitely), +he film's r*e_Jf\nc'tivi-l'T depend

y (= VE‘_V\[ :;.i'-ruy\j
mlis 2, 3, 4)

5 60 Whothe
interfere constnctipel ¢ ;

2> A¢ = ko ana_d ws 91

= Zmtm
d 2\m = —fyTL 2’)’);_61 cos 94
. Re.ﬁedﬂ‘wﬂ IS mMaximize Reffectivi _—
fm- d = ‘_%()\/'Yu) Max{m:": )\_’M_ . _‘Q:_ﬁ tos B, | = ﬂ
Na m
(half wavelength) -

m. ear norma|



= Meta\ optics

(‘,ov\duc.ﬁv\'-‘rc, ond the complox PQWV)\"\"HV\"\'V

Aapere's faw > FuH = F 4 ¢ %% whene &= g-5,, & s real
= ok — (weE sinusoidal field E ~ ¢ g

£ (g + __%6‘) (-’I'LOE)

0y 9E  _ & BE
=(2,—20+2w>@—€ = & ¢
Whete fhe  complex permittivity (s ) /Ev = &r8y + L%‘
1 metals, \"Mg\'nm«f \oerrm'-k+\'vi+\} = conductivity
* Skin d-LP'H\' E
LKZ
Consider a wave ‘h'-avdinj ‘Hhvou j‘m a mefal €, which vanes as ¢ :
~ ~ o W TE o . U~
k = Kgm = ¢ %o’&; - C,\Sr/“r“'&ﬂa’%;%

where //I = Mrjfo s real

> Imk = 7 ﬂj(ﬁr}*ry*(%l~ﬁrﬂr]

[ = Y2
- 'Z’Tz[ﬁrﬂr I+ (w?@ — Erﬂr]

The skin depth s d"-ﬁ:\"\ed whene @_IM["S - C_l

| = Va2
5 - g Gy -]
2 =
:Jw»*lrﬂoJsg&w'[wso;&\l)*(g%ﬁ> N '] .
. = — [ W ErEp \2 m]—lh_
.onyro Jl*'('_ﬁ‘- 0

——ee e,

s~ Lo |1+ (550 < ]

Sem"ql {:or\mu\q for
skin  depth

g M h(gh fmbmc{es or poor cowduc+iv1‘+7 I << WErg,,
low 'FMEuenc.y

Skin depth S = —2*' &0
0" ur-Mo




- M‘M‘ osdllations in the Yree electron gas side a metal's volume

* Suppose that a matal becomes polanized

The charge separation  creates an elecine f:'eld:

SOEA L S, z’nA Az «— Gausss law arpund boxof
B reqative charqe
e %,
42 .
* wWhat is the fM‘bM"'}’ of the osciflation”?
z LR}
Ly ZE = = %Ag = m(az) 57 F=ma
me? i 2
ﬁggdz = W Az
!ﬂ,’“
I 7w o= fwp = W%
c bulk plasma 70"42‘6"‘”""‘/
* Consider the osciflation to Hhat of an LC crcuit
= \ A
W e Y owE ot ke = L
R - T Mgy
i Lk Eph w’p - %A ’Yl_%l
Kiretic inductance Lk = ,_n% ‘%‘

This is the effective inductunce associated with the inertia o JC
eloctons : at very high freguencies, the response of the mata) re
delagyed because the electrons heed fo Move

This can also be darived fom the AC conductivity of a metal,
the Drude model

From
Y
N [\
0" = m | + jwT ) . o
resistana@ ﬂ inductance L
The ¢ ) i
iMpedance f a metal wWire IS /—=—-—-A~———‘\ N
= | L m_ 4 o g

/nzlt /—A: -+ W fnz"- r



N Re}iecﬂ-\or\ o? uPcu\ctrltr poianzed [\fj)d' !Emm o W\d‘a\ Tal surtac LY_)
2

* Consider the RCP incident light below: ”
D E -
Er(z,t) = J_ﬁi- COs(k%—wt))'z + F; sin(kz —wt)g k : weta
* The euctne field must vanish o the surface of Rep |/
(] perFecf conductor, o ;_:Q - El ;
/
- Eo A E
Epl2,t) = - FFos(~kz~wt)x - F: sfn'(—k-z—wt)g

-W‘\‘S Onsures Zeryp ?\dd of 2=0 Wh(lﬂ Eﬂ Pmpnsqto,o qlong ‘/i-

Now the subHe part: we reed o do o coordinate +mnsFowwa'h‘an:

Tncidomt -é\ \V\cfduﬂ' . N’Pedld
_ +y P
/ ocP
7/: /
reflected

o

A
X A
f\((ﬁz
-
E

vV

Incident coordinaute
System is igltt-handed

. . ) First, flip propagation direction sp
X ¥ j =2

A
2 =-z whik ¥'=%x,% =9
But now «'x g’ =2/
A
@ Next, flp +the x-axis s Ay’
Lo A N7 A L.V 4 AL
'X - = / 7: j/ Z =“Z

oy '
LCP
— 23\) s

v X
* With this ﬁmnsfovma'hon, +he z
Nf&ctﬂd ave 1S :

-

.Eﬁo , A EO A
B = Tz os(kz—wt)x - F sin(kz'-wt)

This describes o left circularly pslanzed wave, 0 Trere is a hgndedress
Perersal o{: circularly  polanzed [ight wvhon reflectad 1Ev'prv\ a conductpy






