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Lecture 10 Outline

* Optical Absorption-Gain in reduced
dimensions (quantum wells, wires and dots)



Interband Absorption and Gain in
Quantum Well



2-band model — we need to add the valence band
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Interband Absorption and Gain in Quantum Weli

(We neglect here exciton interactions between electrons and holes)

Starting with the general expression for the absorption coefficient
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Transition energies (all are relative to top of valence band)

Energy level of electron state
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Transition energies (all are relative to top of valence band)
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Absorption expression for quantum well case

a(hw)=C, 22: 3(E,~E,~ho)(/,- 1)
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Summations over k, and k;, become summations over k; and k;

The k-selection rule establishes k; = k; so the sum becomes a
sum over k;
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Joint Density of States
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Optical Absorption Spectrum
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Optical Absorption Spectrum
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Electron Quasi Fermi Levels (when “n” electrons have been injected)
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Electron Quasi Fermi Levels (when “n” electrons have been injected)
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N =n ln(l+e‘F‘_E"”“ABT) n = — 5
4 7 mh L

I
F.—E,, ) ksT
. N2=ncln(1+e( 2)/ks )

_ (Fc_Ee )/"]\’ &
Nl—ncln(1+e i )

= P(E)f(E)

2piP
= Ph(EN(E)
= Pr(EX(1 - f(E))

14



Holes Quasi Fermi level (when “p” holes have been injected)
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Holes Quasi Fermi level (when “p” holes have been injected)
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Gain Spectrum

Zero Linewidth Case:
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Gain Spectrum
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Gain Spectra with and without broadening

(a) A Normalized gain
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Comparison with experimental data

1-State 2-States

! !

(a) GalnAs/InP MQWH L,=7.0 nm T= 185K (b) GalnAs/InP MQWH L,=19nm T=100K
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Zielinski et al, IEEE J. Quantum Electronics, QE-23, p.969 (1987).
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Quantum Dots

Ideal quantum dot assumptions
* Uniform dot size
* Uniform distribution
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Ideal Quantum Dot — Wave functions and Energies
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Conduction Band — Wave functions and Energies

Wave Functions (Assume infinite barrier for simplicity)
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Valence Band — Wave functions and Energies

Wave Functions (Assume infinite barrier for simplicity)
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Interband Absorption Spectrum

General expression
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Absorption — Homogeneous Broadening

In case of no carrier injection, we can approximate

=1 f.=0

For homogeneous broadening, the delta function can be replaced by a

Lorentzian
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Absorption — Inhomogeneous Broadening

For uniform dots we had: »n= ‘*"”' 2 I ( ”"”f)

: mn.l

In realistic case we will have variations of quantum dot size. Dot energy
level become a Gaussian distribution with
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Gain coefficient (1/cm)

Examples = Homogeneous Broadening
FWHM =30 meV

1900 1 N, =5x10"%cm=?) __~ n=p=2N,,
1000 | N=p=15Ny 1

* n=p=1N,,

500 |

0 F""’ v "".. il Y :._; ... b
“~ S \ '/. o - q
-500 \\ .\./ d 1
-1000 | n=p=0.5Nm;( i -
-1500 } n=p=0"" -

1.05 1.10 1.15 1.20

Photon energy (eV)



Examples = Homogeneous +Inhomogeneous Broadening
FWHM =30 meV FWHM =50 meV
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Examples = Homogeneous +Inhomogeneous Broadening
FWHM =30 meV FWHM =50 meV
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Quantum Wires




Ideal Quantum Wire — Wave functions and Energies

Areal Density i ti N l T — :
real Density in x — y cross-section = e :
h LrLr Lx ! - <’(’/V
b N
a , .-
Fill Factor F:W — 77 Wire Length [ > a,b &-t?g\
o

X v

: 2 . [ mr . [ nm | R
Wave Functions qjc(x,y,z): SIn| ——x (SIn 7,}’ :”C(r)

Jab | a

2 . H’."?l' . n’ﬂ' 1 ik -
w (.)C., V, Z) — S1n X |S1n )% - (l‘)
. s Vs b i .

Jab \ a

R 2 >
: h- mi ni
Energy eigenvalues E:m (k_ ) _ Eco n = n 7 n k_2
i m a
e

B 2 =
. h- ‘T ‘T
EJIH n (kf) _ E_O B 1 * m n n n er
' - ‘ 2m, a b :




Density of States

Electron Density
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Absorption coefficient
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Absorption coefficient (a.u.)

Absorption coefficient
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Gain coefficient (a.u.)
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Two-dimensional quantum confinement in quantum-
wire (QWR) semiconductor lasers is expected. in
principle, to vyield improved static and dynamic

performance compared to conventional quantum-well
(QW) lasers.

The improved features could include very low
threshold currents (in the microampere regime),
reduced temperature sensitivity, higher modulation
bandwidth, and narrower spectral linewidth.

38



Gain in Semiconductors

Calculated gain
coefficient

Gay,qNgss3.AS/INP

T =300 K
T'm=1 X 10-13 S

N=3x10"8 cm3
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C

‘w 103 QW Film 10nm _

O - —
I Bulk |

21102 I | | ]
1.2 1.3 1.4 1.5 1.6 1.7

Wavelength A (pm)

M. Asada, Y. Miyamoto, and Y. Suematsu, Gain and
Threshold of Three-Dimensional Quantum-Box Lasers,
IEEE J. Quantum Electron QE=22, 1915-1921 (1986).
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Intersubband Absorption



Transition between ground state and first excited state

Single QW = Low doping Modulation doped QW
\\\ \\\ \\\:
a ____.‘.-;t/ N\ \\\ \ NS SN NN
-,
transverse momenta
e"kr'P
%f (l) = Hc (l) \/E ‘;D] (Z) k; = kx-x + kyy position vector
Kep P=xx+ )y

vi(r)=n(r) o) K=KE+ES
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Intersubband Absorption Spectrum
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intersubband dipole moment

(9, ezlo)= [0, (=
# electrons per unit volume in nt" subband low temperature (EF — En) > kT
m, k I —E )/lgT m,
N =— ln[1+e( Vs } N =—=—(E,-L,)
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Intersubband Absorption Spectrum

Using the two previous results

» 2
ho)=| -2 ) 7 N - N,
a( ?a)) [nrcgﬂ ](EZ — El —h.a))z +]/2 ( 1 h)

m,
N = Th’L. (£~ E,)

considering two levels occupied
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INTEGRATED ABSORBANCE

A= Ta(h'w)d(h'w) :[ " J‘“zlr E(Nl B Nz)
0

nCe,




Example — Peak absorption coefficient in QW

Consider a GaAs quantum well of width L, = 1004, doped n-type corresponding
to a 3D carrier concentration N = 1018 cm™3. The electron effective mass is
m, = 0.0665m,. Let’s assume a simple infinite barrier model and T = 300K.

hZ T 2 ( 2 ) (T[ >
_ It R z) = |—sin|—z
E, = 2m ( ) = 56.6 meV ! \/:Z L,

L,

2
T 2 21
— | =226 meV 9,(z) = |—sin|—z
L, L,

L,

2h?
Ez -

Mme
Assume the number of electrons per unit volume (3D density) occupy only the first
subband and the 2" subband is empty

miksT
— 8 _719x10%¢em2

N, =
MekpT Ep — E; Nzp Ep — E; _
= In{1 = In(1 ~ 1018
e L n ( + exp ( kT L n{l1l+exp kT cm

This is satisfied for
(Er — E{) = 0.0283 eV = 28.3 meV



Now, calculate the density N, with this Fermi level, to verify that N, <K N

Ny = 22 <1 + exp (EF EZ)) =29x10%cm™3 £ 226 meV
L, kpT
28.3 meV
It isindeed N, << N. Otherwise, we would need J
to use the expression for N; + N, = N to Ep === 84.9 meV
determine numerically the Fermi level. E; I 56.6 meV

We can calculate now the dipole moment

Lz 2 (2 (=& (27
Uyq = ej ©,(2) zp(z) dz = e—J z sin|—z|sin|—z)dz =
0 Lz 0 L LZ

Z

el,=—-18.013¢e A =—-2.882x 10728C-m

2 8L;] 16
- ¢ Or2| 972
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Resources for symbolic manipulation can be very handy to evaluate integrals
with complicated trigonometric functions

& WolframAlpha e

definite integral =]

ffa Extended Keyboard %t Upload 3t Examples >3 Random

Assuming "definite integral® refers to a computation | Use as a general topic or referring to a mathematical definition
or a word instead

Computational Inputs:

» function to integrate: | X sin{pi x/a) sin(2 pi x/a)

» variable: X
» lower limit: 0
# upper limit: a

Definite integral: [ [ Step-by-step solution |

a mXy | f2mX ga’
f xsm(—]sm[—]dl‘:——
0 a a 9n?




The peak absorption occurs for a photon energy
ho =~ E, — E; = 169.4 meV
with corresponding peak wavelength

1.24
7 0.170

A = 7.3 um

Assume refractive index n,, = 3.3 and a linewidth 2y = 30 meV
we obtain the peak absorption coefficient

2
00
o = 21 (N; — N,) ~ 1.015 X 10% cm™1
nyCeo Y
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Absorption in Superlattices



Superlattice
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Superlattice

Conduction
band

Valence
band
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Absorption in a Superlattice (GaAs/Al, ;Ga, ;As)

Bound-to-bound transition r=77K
— E, Ny =2 x 101 cm—2
‘T o) 2y = 15 meV
Cl w=b = 100A
- W = e— ) — Thick barriers b
20l 77— T 7T Small miniband widths

Bound-to-bound transition ]

1600
1 200
800 |

400

Absorption coefficient (cm™

0 et -
20 B0 140 200

Photon energy (meV)
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Absorption in a Superlattice

Bound-to-bound transition T =77K
I3 N, =2 x 10'tcm™2
- T T L
2y = 15 meV
A C2 o
Cl w = 100A
il ! b = 20A

Thin barriers b

Large miniband widths

=
%
S %
oo
- W

~

k— T —3} Minibands
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Absorption coefficient itm_l]

Absorption in a Superlattice

Bound-to-bound transition T =77K
- F N, =2 x 10'tcm™2
- 2y = 15 meV
2

T - w = 100A

| - b = 20A
- W — ) -
Thin barriers b
roan AN T Large miniband widths

Bound-to-bound transition

800 |
600
400

200 |

l" i i i i L i 1 i i i i i 1 i
20 80 140 200

Photon energy (meV)
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Absorption in a Superlattice

Bound-to-continuum miniband transitions T =77K
ANERRRRRRRRRRRRRRRRRRRRRRR RN RN RA RN RRRRRRRRRNN NN C4 Ns =2 x 10" em™
EARRRRARARRST FRRRRR LR LR R LR LLR LR LR RV RO RS

AT RV NN SRS S () 2)/ =15 meV
[e]
w = 40A
b = 300A
El
—> € b S
_A 2‘.(’ L S e e Am GERA SN S WeR EEY P S Sk LOR JESn ) CON SEp. B ErD R SERSER JVEA A L SRD APV S o
|E [ Bound-to-continuum transition ]
=L g — 0102
— IS" -l -
= L - = =C1-C3 ]
=~ Y A R C1-C4 1
= i cs |
= 100
c -
1>
S
A 50
A
[
S
VI
)
- O - -
100 150 200 250 300 3560 400 53

Photon energy (meV)



Experimental Subband Sample Well Width (A)  Barrier Width (A)  x  Np (10'%/cm’)

Transition Examples A 40 500 0.26 1
B 40 500 0.25 1.6
C 60 500 0.15 0.5
GaAs QW E 50 500 0.26 0.42
. F 50 50 0.30 0.42
Al,Ga,_ As Barrier 500 0.26
Bound to Bound to Bound to
[from Levine, J. Appl. Phys., 1993] (a}continuum bound quasi-bound
A — T + g —
Samples A, B, C Sample E Sample F
: (b)
A, B, C have weak absorption 12000
but good carrier collection -~ -~
§ 1500 &
3 =
E has the best absorption 5 5
but doesn’t have good B 1000 '
. . Q [&]
carrier collection E 5
% 1500 %
F has good absorption

and carrier collection S 2 Ty
Wavelength A (um) 54



Quantum Cascade Laser (1994)

QCL is an intersubband laser where electrons are injected by tunneling through the
barrier into E; (t;=0.2ps).

Small overlap between E; and E, wavefunctions creates long decay time (t;,=4.3ps) and
thus a population inversion between states E; and E, for lasing action.

Quick decay from E, to E, (t,;=0.6ps). barriers wells

Alj 4gIng 55As /Gag 47Ing 53As

E lattice matched to InP substrate
o /
== e
E,
4)‘\\
~ E, e
\
45A 8A 35A35A30A 28A 30A
g

-«— — — Active region — — mt- Digitally -
graded alloy =



Reading Assighments:

Section 9.6 of Chuang’s book



