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energy band structure in semiconductors
crystal lattice = periodic potential

electron wave function
Y@ = u@e k7
%

periodic function
consequences:

conduction
IE band
E, (eV)

electrons A C (diam.)| 5.47
holes J Eg GaN 3.4
GaP 2.26
GaAs 1.43

valence
band - St | 112
| ke, InSb | 0.17

0

important distinction:

direct bandgap indirect bandgap
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radiative processes
in semiconductors

absorption




conservation principles

for absorption:
Ei + hv = Ef

—

hk; + hk, = hk
/‘l VP\K momentum

after absorption
momentum

. hoton momentum
before absorption P

numbers:

electron |hze| = |m,* /:‘T ~ 1,6 - 10726 kgm/s for GaAs
e

photon |th| = % ~ 8-10"28 kgm/s (1=800nm)

|nk,| « |hk;| and
kf = k;
radiative transitions in semiconductor are ,vertica

|II

in semiconductors with indirect
band gap, e.g. Si absorption is
allowed. We can build very good
photodetectors out of Si.

in semiconductors with indirect
band gap radiative electron-hole
recombination requires a photon to
fulfill the momentum conservation
rule. Thus radiative recombination
has little probability — we cannot
have light gain and thus build lasers.



differential density of electron states

Pauli’s principle!

if we approximate the shape of the bands around
\/ k = 0 by parabolas then (no proof given here):
N EC

(2m,")3/2
212 h3
(2my,*)3/2
| e 0y(E) = TR
m,™ electron effective mass
my " hole effective mass

L1
2 E 0, and g, have units e
interpretation:
E.

E, oc(E) = VE —E¢

JE, — E

» for given AE the product o.(E)AE is equal to
maximum density of electrons with energy from
E —AE/2 + E + AE /2 range.

* the same applies to holes
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Fermi’s distribution

electrons are fermions

1
f(E) = E-Ef

e kT +1

E¢ - Fermi’s energy
T —temperature
k —Boltzman’s constant

forE > E, f(E)

0 1

- probability of finding an electron at a level with energy E

forE <E, 1— f(E) - probability of finding hole at a level with energy E

f(E)



differential density of carriers

differential density of electrons — number of electrons in a unit

volume (density) per unit energy band

1

n(E) = 0B (E) =

differential density of holes

p(E) = 0y (E)[1 - f(E)]

density of electrons

oo

n= j n(E)dE
E;
density of holes
Ey
p= fp@ﬁw

in a pure (no doping) semiconductor n = p.

n(E)

p(E)

differential density of carriers
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doped semiconductors

Two types of dopants: n (excessive number of electrons) and p (excessive
number of holes)

n+p

In doped semiconductors the Fermi’s level is no longer half-way between
valence and conduction bands.

R n type R p type
E
n(kE)
n(E)
EC - Ec-
Ef T
1
E, - p(E) Ey, - B
p

v



doped semiconductors with optical pumping or current injection

Two types of dopants: n (excessive number of electrons) and p (excessive number
of holes) n #p

interband relaxation is much faster than the decay of electrons from the
conduction band. Local thermodynamic equilibrium in any of the two bands is
reached very quickly. We can define local Fermi’s energies: Er, and Ef.

) n type ' p type
E
n(E)
Efc n(E) __E:f_c ___________
""" g4 Ec-
E, 4. p(E) 2 B
A Efy p(E) ‘




P — n junction

p — n junction
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p — n junction polarization

Without external voltage

) ) . External voltage leads to
no carriers at pn-junction ST .
carrner injection at pn-junction
3 e - "
Er. Conduction band
A Fe~ - - = !
_I-l-lll- 0 - ) t_ A EEEEEEE
EEEEEER F EENEEENER D
D o —_—
N —  Valence band
Ey
1I
_ i
p-region n-region p-region n-region
A Acceptor levels . 1 .
D Donator levels 3 Region with free carriers
[ 3 L

U
ioce/Uo

Both electrons and holes are present in the junction
— radiative recombination and thus gain are possible
photon energy = bandgap

A 4




low-D structures

T

volume crystal quantum well quantum wire quantum dot
(1D) (0D)

(3D) (2D)

* Inaquantum well the motion of electron along the direction
normal to the well is quantized — energy levels corresponding to
this motion are discrete.

*  The number of bound levels depends on the width and depth of

the well

* The total energy of the carrier is the sum of the energy of

discrete levels and the Energy of free motion in the two

directions parallel to the well.

How can we build low-D structures? —semiconductor

AlGaAs | GaAs | AlGaAs
I !

......

* For quantum dot all the energy levels are discrete



densities of electron states in low-D structures

T

volun(13eDc)rystaI quan(t;g; well Cluan;c;r)n) wire quarz’;)uDr;\ dot
‘ e(E)
e(E) o(E) o(E)

3
v

. & E
kg ] E, E; E, Eq Ei; Eip ] E; Eq11 ‘K Ei13
Ei12
(k) = L k(1 ) =2 (=
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gain lineshape

bulk (3D)
momentum conservation

J2me*(Ep — Ep) = [2my*(E, — E,)
gives

1 E, —E;. =
and
dEb - -

A F ldEb

m

m:* (Ev - Ea)

M gE,

meg*

hv )
calculations ...

give reduced density of states

1 [2m, /2 [
QT(V) = m 72 hv — Eg

calculations ...
y(V) = Bar Z0rMIfe(Ep) — fo(E)] =
o(E) = ao(V)[fe(Ep) — fo(Ea)]

'

absorption lineshape at T = 0.

v

0<f.fu =<1
the gain is possible only when f.(E},) > f,(E,)
this is an analogue of the population inversion (AN > 0) in atoms/ions.
We need both types of carriers: electrons and holes to be present. This is consistent with
the stimulated emission picture —in order to produce extra photon the hole and electron
have to be annihilated.



gain lineshape, 2

« different formulas for reduced density
of states, still the result is proportional
to the densities of carriers

* result: higher densities of states leads

/Iow-D materials \

\ to higher gain. /

7nm AllnGaAs-QW

Parameter: Excess carrier density N/10'8 ¢m™

2000

1500

1000 f

QW gain g/cm™!

500

0.78 0.8 0.82  0.84

Wavelength A/um

14 nm GaAsP-QW

Parameter: Excess carrier density N/10'® ¢m™

2000

1500 f

ir,
=J

500 f

=i}
£ 1000}
=

0.78 0.8 0.82  0.84

Wavelength A/tm

Ficure 2.6. Calculated optical gain versus wavelength at different excitation levels for a
compressively strained AlInGaAs-QW and a tensile-strained GaAsP-QW at 810 nm



semiconductor alloys
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Fig. 12.9. Bandgap energy and corresponding wavelength versus lattice constant of
(AlyGaj—x)yIn]—P at 300 K. The dashed vertical line shows (AlyGaj—y)o.5Ing 5P lattice

matched to GaAs (adopted from Chen et al., 1997).

GaP (indirect gap)
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Fig. 12.6. Bandgap energy and lattice constant of various I1I-V semiconductors at room
temperature (adopted from Tien, 1988).
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Light Emiiting Diode (LED)

2.3 T T T T T / T T T
/
m | ® GaAs|—Py E. /
22L | © GaAs|—Py:N r7 5
~ 3 / .
I'=300K o Fig. 12.2. Room-temperature
L P -

peak emission energy versus al-
- loy composition for undoped
o and nitrogen-doped GaAsP
LEDs injected with a current
density of 5 Alem?. Also shown
- is the energy gap of the direct-
- to-indirect (Ep-to-EX) transi-
tion. The direct—indirect cross-
over occurs at x = 50 % (after
— Craford et al., 1972).
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laser cavities for semiconductor lasers

Two major groups:

1. edge emitting lasers, Fresnel
reflections of the surfaces that form
flat mirrors, eventually Bragg

advantage: large powers possible

disadvantage : strongly astigmatic
output beam

Note that the vertical dimensions of the

structures are, typically, um

2. surface emitting lasers, Bragg
mirrors are grown using MBE

disadvantage: low powers

advantage: high beam quality, large 2D

matrices can be grown on a single wafer

Ohmic electrode

Active layer Insulation layer

Substrate  Cladding layers

Ohmic electrode W

Output laser light

Figure 6.1 Schematic illustration of a double-heterostructure (DH) FP semicon-
ductor laser.

=3um

Epitaxial layers

p-metallisation
Isolator e.g. Al,O4 4——— GaAs p-contact
p-cladding
4— P-waveguide
Active region QW

n-waveguide
n-cladding

GaAs substrate
n-contact
N cladding < gy core = 71y cladding

Optical mode

Light output

p-clectrode
p-side mirror
(S1/S10; or GaAs/AlAs)

pT-contact
Insulator

Current confinement
layer (A1,O,)

Active layer

e < F T Y T Sy (GalnNAs QW)
=24 28 . g p-AlAs
peside mirror \\\ * n-substrate (GaAs)

(GaAs/AlAs DBR) ™ n-electrode



laser resonators for edge emitting lasers

Two methods for creating waveguides:
index guiding — the structure of the laser chip forms a waveguide which

1.

together with end mirrors forma resonator

2.

Electrode
Insulator layer
P
o

- o = HEE

LA F n
Active layer 1

Guided mode expanse

Ridge waveguide type

Insulator layer

Electrode

0]
Acmchnr -\

Guided mode expanse

Flectrode Insulator layer

Active layer
Guided mode expanse

Rib waveguide type

Flectrode Insulator layer

Active layer
Guided mode expanse

Buried heterostructure waveguide type

gain guiding — the waveguide does not exist without pumping, the shape of
the gain region guides some waves by providing them with the gain larger

than for other (nonguided) waves.



narrowband and tuned semiconductor lasers

M, M,
R Ry D
o =% RCAAAAAAAA
1. The tuning components (1D Bragg grating) is
formed next to gain region on the laser chip. p-contact |
p -INGoAsSP — - Oxide
optical telecommunications!!! pAnP=t.
(©F NCoAsh oy
(active)
INGAASP o A NN A Cratfing
(guide)
rlr‘.S——_ ~lo i e 1
T T e s A T,
n-contact””
Figure 3.8: Distributed Bragg reflector {DBR) laser: (a) Both mirrors replaced
by Bragg gratings. (b} One mirror replaced by a Bragg grating. (c} Schematic
longitudinal view of InGaAsP/InP DBR laser.
2.

External cavity line narrowing and tuning

output
mirror A P

LD diffraction

grating
k) Littman-Metcalf configuration

'\‘ diffraction LD
grating

a) Littrow configuration

from RP Photonics Encyclopedia



n — p junction lasers

- - " .
Ego __ Conduction band
. 1
J.\ EEEEEER
ENEEENNE [‘)
[ — .
Ep —————— Valence band
o
X e X
p-region n-region

Historical value only.

If we apply voltage in the conduction direction a current will flow through the
junction the band structure will be deformed in such a way that both types of
carriers can be present in the junction at the same time (condition for gain).

Because of the carriers diffusion those lasers required very high currents,
typically >10kA/cm? which results in very strong heating.



double heterojunction structure lasers

AL Ga,_,As 1

GaAs AL Ga,_, As

E, (ARGaAs)

§\\\\\\\\\\\\\\\\\\\\\\\ﬁ’m

Eg (GBAS) %
l hy

naiRR

WWW\\

Index of
refraction

I
!

I

Distance across a heterojunction ——»

The heterojunction plays two roles

1.

Carrier trapping — the electrons
and holes are trapped in the
potential minima which facilitates
radiative recombination and by
many orders of magnitude lowers
the electrical current required
Different materials with different
indices of refraction form a
waveguide.



qguantum well semiconductor lasers

Waveguide Waveguide
Aly 3Gag 7 As Al 3Gag;As
InGaAs QW
500 nm 10nm S00nm
h ' Y
b
€
A
Fg=|1.7eV 1.25¢eVv 1.7eV
ho=1.28¢V
\ 4
hhy
A4 [hy v

An example:

gain medium 10nm InGaAs quantum
well

waveguide — double heterojunction



quantum dot semiconductor lasers
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laser diode bar

GaAlAs

The power of a single diode laser is

limited mostly by the limited ability to

remove heat. Higher powers are
achieved by stacking many chips and
providing efficient cooling to each

individual laser.

VT,

Heat spreader plate

BT/ BT/ B A Wire bond
: : l/ Insulating wire
e i / Bond plate

....................

...................

C
(b) liquid cooler



Vertical Cavity Surface Emitting Laser (VCSEL)

light out ? 1)-thick pcavity active region

intracavity

1.00 (n)GaAs spacer

m— GaAS/AIQ DBR

GaAs substrate

* excellent beam quality (TEM,)
e easytoruninasingle mode regime

VCSEL laser matrices

Wavelength 0.3 0.5 08 1.0
( pm)

GalnAsFP/InP
AlGalnAs/InP

GaInNAs/GaAs

GalnAs/GaAs 0.?;3
GaAlAs/GaAs 0.78 0.88
GaAllnP/GaAs 0.63_':_0. 67
ZnSSe/ZnMgSSe 0.4.5_; 0.5
GalnAIN/GaAIN 0.3~0.5



hybrid technologies

50nm GaAs

100nm Al,, ,Ga, ;As

50nm GaAs

5 layer InAs/InGaAs DWELL

50nm GaAs

100 layer GaAs/AlGaAs SPLs

400nm GaAs

5 layer Ing ;sGa, ;sAS/GaAs SPLs

}z

1 um GaAs

Si Substrate

30

S
In'tensity Za.u.)

—
o
1

1275 1300 1326
Wavelength (nm)

1250

Output power (mW)

1350

20 °C

0 =
0 200

-

L)
400 600

r r

T T T
800 1000 1200

Current density (Alc mz)

Dilemma: silicon electronics
dominates but one cannot build a
laser with a silicon crystal because
it has indirect gap.

1.3-pm InAs/GaAs quantum-dot lasers
monolithically grown on Si substrates

Ting Wang, Huivun Liu,* Andrew Lee, Francesca Pozzi, and Alwyn Seeds

6 June 2011/ Vol. 19, No. 12/ OPTICS EXPRESS 11381

PL Intensity (a.u.)

| ===~ GaAs x1/2

[ ——400°C i
=420 °C .o 4

380 °C

r

1200 1250
Wavelength (nm)

1300

1400



green Semiconductor Iaser APPLIED PHYSICS LETTERS 98, 221104 (2011)

A InGaN/GaN quantum dot green (A=524 nm) laser

Meng Zhang, Anlmesh Banerjee, Chi-Sen Lee, John M. Hinckley, and
Pallab Bhattacharya

200 nm p-GaN contact Layer r ' 156
12} Duty Cycle = 0.05% T=278K
s 10 | Pulse Width=1us
E 2
~ - J, =1.2kAlcm {110
L 8 =
2 i o
g ol g
5 a4 15 &
3| T=300K g | >
St 8 2
500 nm n-GaN Layer %‘ 0 . : L . 0
§ 0.0 0.2 04 06 08 1.0 1.2 1.4
= i 2
50011 n-GaN Subistrate S Current Density (kA/cm?)
300 500 700 (a)
1 um molybdenum Wavelength (nm) : . . . .
@ _| T=278k = -
. " 3| 524nm — £ ",
<1204 L o "
= 2
£ 8op @ L J (KAlcm®)
© Q
O 40 < 2
= — [—J=1.3 kA/cm
o —~T
O 0 L
= W
40— . ' '
2.3 2.4 25 26 500 520 540 560 580
Photon Energy (eV) Wavelength (nm)

(b) (b)



conduction band

I

valence band

~ $.l: ;

quantum cascade laser

laﬂt
k ':hv:

cascade

A single electron can patrticipate in
many stimulated emission
elementary processes



quantum cascade laser, 2

Appl. Phys. Lett. 68 (26), 24 June 1996

(a)

Injection barrier

FUNNEL INJECTOR ~
(a)

Sm _l 1 l T T T I T T T I_

7 osoor ] 100 F T .
= - 1 — - — 10 A
= - . 2 -2 o5k —-— 100 7
— - - c s e B B BT 200 4
5 200 ] 2 °°fE =2 300K
! R e—— -
o - = — o 4] 100 200 300 -
= - = 2 030 [ Temperature (K) .
=] I~ ———] g o ]
& 100 [ 1 £ - | = 500mA .
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lasery z kaskadg kwantowg (ang. quantum cascade laser)

High-performance uncooled distributed-feedback quantum cascade laser

without lateral regrowth

J. C.Zhang,"?F. Q. Liu,"¥ S. Tan," D. Y. Yao," L. J. Wang,"” L. Li," J. Q. Liu,"

and Z. G. Wang'

APPLIED PHYSICS LETTERS 100, 112105 (2012)
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UV semiconductor lasers

A =375 nm, P = 20 mW, Single Mode Thorlabs L375P020MLD

“\ N, Maximum Ratings (T; = 25 °C)
N 4 £ eCgiETAIC CHARACTERISTIC SYMBOL | MAX RATING
v Optical Output Power (CW) P, 0 W
J LD Reverse Voltape Vipm 5V
P Reverse Valtage VRPm 0V
® (35.6 mm Package ERDGL AR Tmcheshen] [y I N S—— To W10 T
B 20 mW (Iypical) Optical Output Power (CW) Storage Temperatum T2 40 0 85 °C
B 1.2 WA (Typical) Slope Efficiency "0 mW Typicl
Characteristics (T; = 25 °C, P = 20 mW)
2 CHARACTERISTIC SYMBOL MIN TYR MAX
Pin Description c Lasinz Wawelenpth Ao 370 nm 375 nm 30 nm
] 1 h:u. ﬂll'-dﬂ il H:I Th.l'd'ﬂj]-l:l C:I.I.I'I'Eﬂt [|h —_ -§ﬁ I'I.'I.A &I m
2 common case (catode) ’ ] Operating Cwrrent L. - G0 mad 85 mA
| 4  monilar diode anodea - cB Hm E T Ve 45Y 52 ¥ 65Y
product < Beam Diverpence A 5" 85 13
L (FWHM) 6.1 18" - 260
1 ITEM # 3 = RME DESCRIPTION =
Slope Eficiency M. 0.9 mWmh | 1.2 mWmA | 1.6 mWimh
J | LazsPozobdlDe | CALL | CALL | CALL CALL | Thodabs 375 nm, 20 mW'| | Monitor Carrent . - 0.2 mA -

*Ships with 305189, an SMO5-compatible mount for 5.6 mm and 2% mm padiages

Mote: All datz are preszntad 25 typicl unles otherwise specifisd.



Laser Diode
Modube s

Tunahble Lasers

F em tosecond
Lasers

Optic al Amplifiers

Available with
Single Made Fiber

UV semiconductor lasers

A =405 nm, P =5 mW, Single Mode Sanyo DL3146-151

Maximum Ratings (Te = 25 °C)

B 5.6 mm Package mc — sm:]nm. m:_cn;:!‘m:
m 405 nm (Typical) Wavelength P Description L;‘Mﬁu:f‘ ) 1""11:1:\] -
B5 mW 'LJI__ltpjur Pn_:r\_k‘fr (CW 1 ser snods PD Revers Valtage - —
B 25 mA (Typical) Threshold Current g m’;xl::’d"] Ohpraation Cas T T, TR
2 Storage Temperature Tup 40w 85 "C
5 W Typical
_ _..f",-l\ u'i e Eu Characteristics (T, =25 °C, P = 5 mW)
ELE TETI —; . i 1 E[-I':ﬂm'lﬂ STHEDL MIN TYR MAX
E L . PIN CODE B Lasing Wavelength Ay 400 nm 40 nm 413 nm
Threshaold Current I - 33 mA 55 mA
Operating Current L. - 4 mA G0 mA
Diporating Volter Ver - SOV GOV
Feam Divergence an & FE T
PRICE PRICE PRICE (FWHM) [ 6™ 20 24"
ITEM # 1-5 PCS 610 PCS | 11-20 PCS DESCRIFTION Slope Efficency M |05 mWimA [ 0.8 mWimd -
| DL3146-151 CALL CALL CALL Sanya 405 nm, 5 mW | Maomnitor Current I 0.1 mA 0.2 mA 1.0 mA

Mme All datz are presnced & rypical unless otherwise spedfied.

A =405 nm, P =10 mW, Single Mode Sanyo DL4146-101S

Maximum Ratings (T = 25 "C)

proguct
c : -..,:%‘.t :\\-‘R‘ )
ELEG TATIC :
WE
; Fin Description
1 laser anode

2 comman case [cathoda)
3 monitor diode anode

2

CHARACTERISTIC SYMBOL MAX RATING
Oiptical Outpat Power (CW) Pa 20 m'W
P} Reverse Valtage Vi -
Operazion Case Temperaiure Top 0ea 75
Storage Temnperature Tog 40w 85"
10 =W Typical
Characteristics (T, = 25 °C, P = 10 mW)
CHARACTERISTIC |SYMBOL MIN TYE MAX
Lasing Wavdength }‘F 305 nm 405 nm 415 nm
Threshold Current la - 26 mA 50 mA
(rperating Current lQF - 35 mA &0 mA
Operating Voltage Vop - 48V 5.6V
Beeam Diverpence aif iy B.5" 1r
(FRHM) [0 16" 19 3
Hope Efficiency Ty 0.7 mWimA | 1.1 mWimA -
Monitor Carren: I 01 mA 0.2 mA 0.5 mA

I H
5.6 l':'.lJ'I.'I Pa.c]u.a.gc i D = D
B 10 mW (Typical) Output Power (CW) i 3
1.1 mW/mA (Typical) Slope Efficiency FIN CODE B
PFRICE PRICE PRICE
ITEM # 15 PCS 6-10 PCS 11-20 FCS DESCRIFTION
DL4146-1015 CALL CALL CALL Saryo 405 nm, 10 mW |

Maotzs All dista are presented = oypical unless otherwise spacified.

www.thorlabs.com



VIS semiconductor lasers example LASOS

Laser diode modules fiber coupled
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Wavelength [nm]

Output power [mW]

Fiber Coupling
Fiber type

Fiber length
Fiber connector

Fiber jacket




1kW, Fiber-Coupled, Multi-Bar Module

Electrical Parameters’
Power Conversion Efficiency
Threshold Current (I)
Operating Current (Igp)
Operating Voltage (Vop)

Thermal Parameters
Operating Temperature™ **
Storage Temperature

Flow

Operating Water Temperature
Purity

Recommended Cooling Capacity

%

=

°C
°C
L/h
°C
um

DILAS

The diode laser company.

35%
<8
<75
<48

+20 to +25
0 to +55
500
20 to 25
10 / deionized
2500



1kW, Fiber-Coupled, Multi-Bar Module

DILAS

The diode laser company.

Optical Parameters Units

Center Wavelength (Range)™? nm 976
Center Wavelength Tolerance nm +3
Output Power? W 1000
Spectral Width (FWHM) nm 5
Slope Efficiency W/A 16
Wavelength Temp. Coefficient® nm/°C ~0.38

Fiber Parameters
Numerical Aperture NA 0.2 0.12
Fiber Core Diameter um 400 800

Fiber Connector QBH or LLK-HP (Q5) QBH or LLK-HP (Q5)



