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KpaTKkoe BBegeHue

1962 — nepBaA AeMOHCTpaLMA nNa3epHOro AMoaa Ha 108
GaAs (P. H. Xonn B General Electric, H. Mapwann B
IBM T. J. Watson)
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4.3kAcm™(1968)
10° Double-heterostructure

1963 — neps.bIn nasepHbin amopa Ha GaAs 8 CCCP H. bacos 900Acm(1970)

Quantum well
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102 F 160Acm=(1981) Quantum dot

1970 — nepBble na3epHble AMoAbl Ha ABONHOM 40Acm™(1988)

Threshold current density (Acm™)
=

reteponepexoae (K. Andepos B CCCP n Kpemep 8 CLLA) 19Acm=(2000)
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KOMHaTHOM Temnepatype B MEX3OHHbLIX UHKEKUMNOHHDbIX

NoNYyNPOBOAHMKOBbIX 1a3epax



J1a3epbl C NO/IOCKOBbIMU pe30HaTOPaMM
Edge-emitting ridge lasers




O6wum Bug,

dnekmpuyeckuli Ckonomaa o6aacme
KOHMakm p-muna
v o AKmueHaAa
obnacme

Obnacme
n-muna

CKonomasA
2paHsb (pyoo
obpabomaHHan
nosepxHocmeo

JlazepHboblii
ny4YoK




basoBble NnpuUHLUUNbI PaboTbl

Current drive

Two double

Stripe contact heterostructures

Metallic layer

Dielectric layer
Current spreading

Emission from
lasing region

Cleaved
reflecting facet

Cavity length ~300 pm

1.7 lllustration of a generic diode laser chip, with active region
comprising two double heterostructures forming the waveguide

and well. The width of the contact between the metal and

p-type semiconductor is restricted by a stripe in the dielectric layer.
The active region is pumped by a p-n junction in the region below the
contact stripe with some current spreading.

1 )
Gy =0t s—I(RR)"  q=YE ja

) 1-R

E{f;;:f‘ Well}
ev,‘ p-type
Egn e A -
v AE

Electron energy

N o EFE

................ D[\¢I

AE,

n-type

z direction

-~
m

Waveguide core
-+ L

1.2 Energy band diagram of the conduction and valence band edges
(E. and E, respectively) through the active region in the direction
normal to the plane of the layers, drawn under forward bias, V,
necessary for population inversion in the quantum well, width L..

The structure comprises two double heterostructures forming the
waveguide and the quantum well with band offsets AE. and AE, which
may be different for the waveguide and well. The layer thicknesses
are not drawn to scale; band-bending in the well and adjacent barrier

material has been neglected.



basoBble NnpuUHLUUNbI PaboTbl

Effective mode width, w4

(a) Type | (b) Type Il 4 < > I
X Square 2. t2dz
AE, of the - wel
electric
AE, field.
Egﬂ 52
Egg
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E, : Distance, z
h J

Well
E,,I
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1.3 Energy band diagrams of (a) type | and (b) type Il quantum wells
formed of materials with band gaps E_, and E_,. The difference between —— Core —,
the two structures is the magnitude and sense of the band offsets such ,
that in the type | well electrons and holes have potential minima in the Cladding Cladding
same spatial regions whereas in the type |l well the potential minima
for electrons and holes are in the narrow gap and wide gap material
respectively.

1.6 Transverse optical field profile due to waveguiding by the index
profile of the SCH structure. In this diagram the gain region is a
guantum well. The effective mode width as defined by Equation [1.4]

is indicated, as is the integral of the squared field over the width of the
well which is used to calculate the confinement factor (Equation [1.3]).
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Moporosbiii XapaKTep reHepaLmm
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1.7 Schematic light—current curve illustrating identification of the
threshold current, [,. The overall external efficiency, n_,, at threshold is
illustrated, as is the differential external efficiency above threshold.The

effect of temperature on the light—current curve is also shown. 1 1 1
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OnTunyeckKana Katactpodpuyeckana gerpagaumsa sepkan (COMD)
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3.2 Electroluminescence from the output facet of an AlGalnP broad-
area laser (a) before, and (b), (c), (d) after a COMD event. Source:
Reprinted with permission from SPIE.™ (e) COMD data for 806-nm laser
diodes before operation. N2-IBE is native-nitride ion-beam epitaxy.
Source: Reprinted from the November 2003 edition of Laser Focus
World, Copyright 2003 by PennWell.?!
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MyT¥ yBennMuyeHMAa MOLLLHOCTU NOJIOCKOBbDIX /1a3epoB

« Minimizing internal loss and threshold current.

« Minimizing thermal resistance between the active layer
and the heat sink. A very low thermal resistance helps
in efficient heat dissipation from the active region
through the heat sink.

« Maximizing conversion efficiency of the laser by
reducing internal loss and carrier leakage and minimize
non-radiative recombination.

P =W|=1|—L|P
max (r) [1+R1] COMD

where d is the thickness of the active QW layer, I is the
transverse confinement factor, and Pcow S the internal
optical power density at COMD

* minimizing R,
® increasing w,
e maximizing d/T.

Table 3.1 Approximate power densities necessary
to cause COMD in different QW materials

Active-region material Peovo (MW/cm?)
InGaAs (0.92-0.98 um) 18-19

InGaAsP (0.81 um) 18-19
InAlGaAs (0.81 um) 13-14

GaAs (0.81-0.87 um) 10-12
Aly;GaAs (0.81 um) 8-9

Al, ;GaAs (0.78 um) 5




MaccuBauua rpaHen

(a) Removal of surface states resulting from dangling bond imperfections.

(b) Removal of surface oxides.

(c) Minimize optical absorption at the facet by formation of large bandgap
interface.

(d) Creation of a diffusion barrier against oxygen incorporation from the
atmosphere.

e Ultrahigh-vacuum (UHV) cleaving followed by in situ passivation.'

¢ Selective area growth for producing non-absorbing mirror lasers.!”

¢ Quantum well intermixing (QWI).?°

e Air-cleaving followed by ablation under unreactive ions (e.g. argon or
nitrogen).”

e Nitridization to reduce surface-state carrier recombination, prevent sur-
face contamination and provide a higher bandgap surface layer.*

e Sulphation® followed by a dielectric layer deposition.

e Hydrogenation and silicon hydride barrier layers.*




*  WUcTopuyecku nepsblii TUN pe3oHaTopa No/YyNpPoOBOAHMKOBOTIO /1a3epa

* OTHOCUTENbHO NPOCTas TEXHONOMMA U3rOTOBJIEHUA 3epPKa

* BblcOKasa MoOWHOCTb U3NyYeHUss oanHo4YHoro nasepa (ao ~ 30 BT B HenpepbIBHOM pexmme)
e Xopolas Auarpamma Hanpas/JeHHOCTH

* [lpenmyLLecTBEHHO 3/I/IMNTHUYECKas, BbITAHYTaa dopma NATHA 1a3epa

* TopueBas reHepaLMsa Na3epPHOro U3Ny4eHus
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MeTtoanKa sKkcnepumeHTa U uccneaoBsaHHbIN 0bpasel,
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lNepBble pe3ynbTaThbl

Signal, arb. units

Wavelength, ym
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MuKpoauckosble 1a3epbl HA MoAaX LenyyLen raiepeu
(MLLT, WGM)
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F = F,J, (er)sin(mo+ v, )cos(kz)e™™,

o -
where ¢ 1s the polar angle k = ?, n=0,12.. &=—, W = »::‘”‘{Ee2 +k2) \

R is the radius of the resonator, & is the height and a,,, is the p™ root of the
equation
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14.1 Bessel function for index m = 600.

(b)

NS

14.2 Basic ray pictures for two modes in a circle.

v
S

T

14.3 Family of rays forming WGM (a) and a common mode (b).



Apyrue moAabl B MUKPOAUCKOBBIX pe3oHaTopax

14.4 Chaotic mode (upper plot) and bouncing-ball bow-tie mode (lower
plot). Directed light beams are seen. Image from Gmach et al. (1998).




Pe3oHaTtopbl Ha MLUT
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MopoBsbiu coctas MLUT

- CW 50 mA
9+ T=79K
d =200 um
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2

14.9 Micrographs of a disk WGM laser: (a) a side view and (b) a top 2L
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14.10 Lasing spectra of the device in Fig. 14.9.
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Mpobnema BbIBOAA U3NYyYEHUA

&

Metal

14.17 IR image of an operating half-disk QWGM laser.

Substrate

14.19 Vertically emitting WGM laser with the matched waveguide.

Andronov, A. Proceedings of 13 International symposium
‘Nanostructures: Physics and Technology’,98.
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Mpobnema BbIBOAA U3NYUYEHUA
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OnTnyecKkni anemeHT NaMATKU Ha pe3oHaTopax ¢ MLUT

Set CW
(a)inmn /th

pulse

Cw
lasing

(b)

ACW
injection
locked

Laser A

14.16 A memory element formed by two 16 um diameter micro-ring
lasers coupled via a waveguide on an InP/InGaAsP photonic integrated
circuit (Hill et al., 2004).




e Bblcokaa gob6pOTHOCTb pe30oHaTopa

* Masnble pa3mepbl pe30oHaTopa — eANHULbI-AECATKU AJIMH BOJIH reHepaumumn
* [lnoxaa guarpamma HanpaB/JI€HHOCTU

e JlByKpaTHOe BbipoXaeHne MLUT

* TopueBas reHepaLWsa Na3epPHOro U3Ny4eHus




MuKpoauckosblie pe3oHaTtopbl Ha HgCdTe retepocTpyKTypax
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BepTUKanbHO-U3YYalOLWME MUKPOAUCKOBbIE Na3epbl
Vercital Cavity Surface Emitting Laser (VCSEL)
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Laser Cavity
(Length = &)

Top Mirror Gain Region

(99.0% Reflective)

Bottom Mirror
(99.9% Reflective)

Kenichi lga, Tokyo Institute of Technology, 1977 1979 - first demonstration (Soda, Iga, Kitahara and Suematsu)
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8.1 Side view sketch (b) of an oxide-confined VCSEL: the lower inset
shows the refractive index profile across the cavity, while panel (a)
shows a lasing mode confined by an oxide aperture inside a top
electrical contact.




YcrpouncrBo pe3soHaTtopa VCSEL
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8.2 Transmission electron micrograph (a) and sketch (b) of the

refractive index and optical intensity profiles in the optical cavity and

surrounding regions of the top and bottom DBR mirror.
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8.3 Calculated VCSEL reflectance spectrum showing the cavity
resonance at 850 nm inside the DBR mirror stop band.



NMonynposogHuKosble matepuansl ana VCSEL

Table 8.2 VCSEL semiconductor materials

Wavelength (nm)  Quantum well High index Low index
450 In,,Ga, ;N GaN AIN
650 InGaP Al,.Ga,As Al, ;cGa, ., As
780 Al,,,Ga, g;As Al,.-Ga,;As Al, ;,Ga, ,AS
850 GaAs Al, ,.Ga,g,As Al, ;,Ga, g As
980 In,,Ga, As GaAs Al, ;,Ga, ,AS
1300 Al,.,Ga, AsN,,, GaAs Al, ;,Ga, g As

or GaAsSb
1300 and 1550 InGaAsP GaAs Al, ;,Ga, g As

(wafer bonded) (wafer bonded)

1300 and 1550 InGaAsP InGaAsP InP
1500 AllnGaAs AlAsSb AlGaAsSh 8.6 Transmission electron micrograph of an oxide-confined VCSEL
2300 GalnAsSb AlAsSh GaSh aperture showing five oxide layers, with one layer defining a 1 um

aperture.



2D maccusbl VCSEL

8.12 (a) Hexagonal individually addressable VCSEL array and (b)
square matrix addressable VCSEL array with a lasing element in the
fourth column from the right and the fourth row from the bottom.

VCSEL — eAMHCTBEHHbIN TUN PE30OHATOPOB NOJYNPOBOAHMKOBBIX 1a3€POB,
NO3BONAKOLWMN GOPMMPOBATL ABYMEPHbIE MAaCCUBbI 1a3ePOB




O6bnactn npumeHeHmna VCSEL

Table 8.1 VCSEL applications

Multi-mode operation Single-mode operation

Individual -+ Local and storage area network + Position sensing (laser mice)

VCSEL -« Server/router interconnect * Chemical sensing
» Active cable * Encoder
* Plastic fiber links (automotive) * Metro access networks
2DVCSEL - Solid state pumps « Laser printing
array » Laser Imaging Detection and * Parallel channel high speed links
Ranging (LIDAR) * Coherent arrays (high brightness)
* Medical therapy » Chip optical interconnects

» Tailored heating




O6bnactu npumeHeHua VCSEL

Facial Recognition 3D Sensing

2D Imaging LIDAR and Ranging

https://ii-vi.com/vcsel-technology/ 1l-VI Incorporated (U.S.)



https://ii-vi.com/vcsel-technology/

* BbICOKaA TEXHONOTMYHOCTb M3rOTOB/IEHMUA

* Hu3Kme noporu reHepaymmn

* BO3MOXXHOCTb BbICTPON MOAYNALUM FEHEPaL NN

* BepTuKasibHada reomeTpua nsnydeHumA

* B0O3MOXKHOCTb cOo3aaBaTb 2D maccuBbl 1a3epoB

*  JIOCTUXKMMbI BbICOKME MOLHOCTU n3sydyeHna B 2D maccusax

* He TpebyloT CNOKHOWM ONTUKM ANA NONYYEHUA NATHA BbICOKOrO KayecTBa




