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OCHOBHBIE CBOMICTBA MOJYHPOBOAHUKOB
(T0IMEHYUCNEHET IKEPeUS, V

U(x)=U(x+a)

e = z

VAR VAR SRVARYE
H3MECHECHHE noreuuuanbuoﬁ HEPrUH 3JEKTPOHA

IIPOBOJAUMOCTH B IIOJIE TOJOXHTEJAbHBIX HOHHBIX OCTOBOB
B ILENOYKe OJHHAKOBBIX aTOMOB (OJAHOMEpHas pemeTka);

MZ

VY Uy = By y(r) = expliknu, (1)
m,

0, (¥) =, (r +2) o



OOpa3oBaHue 3anpeLeHHON 30Hbl

a—TpapHuK 3aBHCHMOCTH 3HEPruu

OT BOJIHOBOI'O 4HuCJa A4 CBOOOJHOrO 3JeK-
TPOHA; 0 — rpauk 3aBHCHUMOCTH IHEPrUH

# OT BOJHOBOTO BEKTOpa MIJs HENOYKH U3
a) OJMHAKOBBIX aTOMOB (JIMHEHHas pelIeTKa)
o i C PacCTOSHHEM MEeXJy aTtoMaMu (MOCTOSH-
Has 3042 V4 { HOM pemeTku), paBHbiM a. [loka3aHna snep-
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HaT SoKa : : ;
1 —_— 2d sin0 = nA
2 LA
a o/ a

k >2ﬂ d > a

A




30HHasA CTPYKTypa NonynpoBOAHUKOB
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Cratnctunka ®epmu-Lnpaka
PacnpegeneHne BepoATHOCTU 3anofiHEHNS

f(E) cocTosaHusa ¢ aHepruen E BasieHTHas 30HA
~ 1 (V), sona nposoaumocta (C)
J(E)= — H ypoBeHb ®epmu (F) B no-
E-F
1+ exp(k—T) JYNPOBOHHKE,

f=1 mpu E<F
f=0 nmpu E>F
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HEIO MHOro3apsigaesie akienropni, Ilo-
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IlpocTenmInu MOJYNPOBOIHUKOBBIN JIa3ep
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Sy
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G777 °
WuBepcHoe pacnpepe-
JIeHHE DJIEKTPOHOB B OJHOMOJIUH-

A
HOM HOJIyDnPOBOJIRMKE
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JHepreTHYeCKas JuarpaMMa WHIKEKIMOHHOTO MOJYIPOBOJHEKOBOTO
Jnasepa. a — Beiposkgennnlit p — n-nepexon 6e3 pHeINHEro Hanps:KeHus, 6 — Bol-

POKACHHBI p — n-Nepexo[ OpPA [OJOMUTEIHLHOM HaNpsKeHAn, d — TeXHOJI0-
ruyecKas MUpHHA [Oepexoja, ! — wupnHa akTuBHOH obaacta (Fa—Fp = Fy)
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IlpocTenInu MOJYNPOBOHUKOBBIN JIa3ep
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(pogpuns ussywenus 8
NONEDEYHOM CEYEHIN

100-300 mxkm

10 — 100 mxm
M

AKmubras
~pacms

Monupoebanrsie  nOBEPXHOCITTH

a ']

@ — cxeMa YCTPORCTBa MOJYNPOBOAHHKOBOrO Ja3epa; 6 — pacmpexedie-
HHe HHTEHCHBHOCTH H3JIyueHHd Jia3epa B IOINEpPeYyHOM CEYEHHH.



S Sme o6 B B 5 5 % g

P
b
o

. Fe % ETUY;

*- r*rrtvnt

Homojunctions

R PR

Heterojunctions

L
Room-temperature 5
CW operation

1965 1967 1969 1971 1973 1975
Year

Py p B
> AP

o
iere



I1o1ynmpoBOAHUKOBBIE JI1a3epPbl
C TeTEPOCTPYKTYpPaMHu

Jona
nposodumocme
) }_d E, Bk
e
ge E g Eqgc
¢ TdEv ¢

caou

Ynepxkanue
B JBOMHOH reTepocTpyKType.

Banenmuas |Axmus-
30K HbIU
. |Caoa .
Npuneeanngyul—st<——s<—/Ipitsecarny uu

cnou

HOCHTeJeH

pmmmmm/f

— 2

~ [ MKM I ‘ Ato“ssuo‘? As (n) .
I-0,3MKM L3

~ I MKM AIO.BGU 0’7A3 p

~ 1MAM ~ GaAs(p) 4
oo ° <
6
r{

Uupura  nposnooKUL ~ 13 MK~



BoJ1HOBOIHBIE CBOMCTBA IETEPOCTPYKTYP

[lonynpoBoAHHKOBHI
Jla3ep H ero BOJIHOBOZ.

L L L L LR 027227 ’
Japowennsiic
H dK”I!lB”N(z
a0

- Tonkue
I USONUTYINGLS
ey nmﬁ/c ot
' [ Axmuenil
i enou

a — nonepeyHoe ce-
YeHHe  MNOJYNPOBOAHHKOBOrO
Jasepa, YAepKHBAIOUIEro H3-
JyueHHe B O6OKOBOM Hampas-
JIEHHH OJarojapsa cheuHadb-
HOMY TMpodHII0 mnoKasaTedas
npeJjoMJeHHus (BCTPOEHHHMIf
BOJIHOBOA); 6 — Jlasep ¢ BOJI-
HOBOAHLIM 3(¢eKToM B mJIO-
CKOCTH p — n-nepexopa, Ko-
TOPLIA  OGYCJIOBAEH Hamnpas-
JIFIOWHM 3P PeKTOM yCHAECHHS.
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3aBUCUMOCTb 3HEPrun 3anpeLleHHoOn 30HbI OT
NOCTOAHHOWU KpUCTanIn4eckon peLleTKu
OBOWHbIX COeANHEHUN U NX PaCTBOPOB
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3aBUCUMOCTb 3HEPrun 3anpeLleHHoOn 30HbI OT
NOCTOAHHOWU KpUCTanIn4eckon peLleTKu
OBOWHbIX COeANHEHUN U NX PaCTBOPOB
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KBaHTOBO-pa3MepHasi CTPYKTypa

Inepeun @omond, 3B
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0,7 075 08
Eg (GaAlAs) A, MK
£ 4(GaAs) CnekTpH ONTHYECKOTO
NOrJOUEeHHA B  CBepXpeleTke
cTpykTypst GaAs — AlAs npn
£ Epng pa3aHuHbIX TeMmnepatypax (L. ==
Elb!\ ______ Eurz : = 54 A, HenerupoBaHHas; AAF
WNE====7 £ ‘Afl' yroGcTBa HaGJIOAEHHS CIEKTPbI
Ey- : napasiiejlbHO cMelleHbl IO OCH
> Z OpAMHAT).

Jnarpamma suepre'rnqecxux yposHei KPC Ha ocnoBe Al.Ga,;- ,As/
GaAs/Al:Ga;—xAs



MuorocaoiHasa KPC

AlAs QGaAs
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a — MOJieib CBEPXpPEIIeTKH Ha -

ocHoBe GaAs — AlAs; 6 — 3oHHas
CTPYKTypa B CBEpXpelieTKe; & — 3Hep-

reTHYeCcKast AHarpaMma B CBepxpewietr- - -
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bapsepot na acnose
AlGa, ;. As
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Monenr nasepa ¢ mopudu-
IHPOBAaHHOH MHOrQCJONHOH KBaHTOBO-
pa3MepHoit CTPyKTYpoi (a), 3aBHCH-
MOCTh MJIOTHOCTH NOPOroBOro TOKa OT
CTEXHOMETPHYECKOTO Ko3p(HUHEHTa X
GapbepHoro csiost (6) ¥ TOJNHHH Gapb-
epHoro cnos B Alg2GagsAs (8).
(B smurreproM caoce y = 0,3—0,36



JNlasep ¢ mnozo- Jlasep c )
oneimi 'KPC | arc

8280 83b0488L20L8540A1 8360 8380 8400
A,

1 /N
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e

8640 8660

2,4

CpaBHeHHe MOAY/JSIUHOHHBIX XaPaKTEPHCTHK MHOTOCJOIHOrO KBaHTOBO-
pasMmepHoro Jasepa M oObiuHOro Jasepa ¢ ABOIiHOH rertepocrpykrypoii (AI'C).



Photon
e — CONfinement
Electron-hole =i jmwemsl layers
confinement -
layers
Active layer

Quantum-well struclure of an early
gallium indium phosphide visible-output laser diode
iIncludes an aclive layer of less than 20-nm thickness
(the layers are nol drawn to scale). Aluminum was
mixed with gallium indium to form the confining
layers.



I'eHepanys CBePpXKOPOTKHX UMITYJIbCOB
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Iy = f
df ~71# 0 2
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7 g 0
nof 10
3aBHCHMOCTb HHTEHCHBHOCTH S0l
H3Jlydeldss OT TOKa (K oOIlpenesieHHIO =051
AH(PpPepeHLHaJbHOrO0 KBAHTOBOI'O BHIXO- .
na). me = (I./hv)/(I/e) = (e/hv)no. 0 500

t-.ﬂl:

OG6pa3oBaHHe CBEPXKOPOTKOrO HMIIyJibCa BCJEANCTBHE HEJHHEHHOCTH
NpH BO36YXIEHHH NOJYNPOBOXHHKOBOIO Jiasepa KOPOTKHM HMmyJbcoM Toka. Ilu-
pruHa HMOy’abca Toka 100 mc, mHpHHa ontHyeckoro mMnyiasca 10 nc. J.— mnot-
HOCTb TOKa, 7t — KOHIEHTPalHs HOCHTeJeH, S — KOHUEHTPauus ¢OTOHOB.



DJIIEKTPOONITHYECKHE MOAYJISATOPbI CBETA

Saenka Ilokkeapca
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CHHXpOHHU3AIMA NPOA0JBHBIX MO B pe30HaTOpeE
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MeToabl reHepanyy CBEPXKOPOTKUX UMITYJIbCOB

Cnoco6 reHepayHuu

JANUTeNABHOCTh HMNYJIbCA
3KCcNepHMeHT (TeopHA)

OcoGeHHOCTH

Mopyas-
HA n06-
POTHOCTH

AKTUBHAS

IlaccuBHas

—(~10 nc)

20—100 mc (~10 mc)

Bouabuias MakcuMaabHas
BbIXOJHAasi MOLLHOCTD,
TPYAHOCTH B H3rOTOBJIEHHU
3JIEMEeHTOB *;

TPYAHOCTH B :YyIPaBJEHHH
pa6oro#t aneMeHTOB **

Monyas-
LHA YCH-
JIeHHS

CuapHast rapmo-
HHYeCKass MOJy-
JALHA; BO30OYXK-
HeHHe KOPOTKHX
HMIYJbCOB TOKa

10—100 nc (~ 10 nc)
10—30 nc/(~ 10 nc)

ITpoctora u yno6¢rBo;
JIETKOCTh peasIu3aliHH;
NO3BOJIIET MEHATh YacTo-
TY NOBTOPEHHA HMNYJbCOB

Cunxpo-
HH3al U
MOJ

AKTHUBHas

[laccuBHas

-

10 mc — 30 nc/
/(~0,1 nc)

0,6 nc — 30 nc/
[(~0,1 nc)

KorepeHTHOCTD  HMMNYJb-
COB; He00XOJHMOCTb BHell-
Hero pesoHaropa,
JAJIATENbHOCTh HMITYJ/IbCOB
6JIH3Ka K TEOPETHYECKOMY
npeneay **

* I'n1aBHBIM 06pa3oM B aKTHBHOM pexHMe. ** [JaBHHM 06pa3oM B MAacCHBHOM pexKHMe,




Mode-locking frequency fy

Yacrorta CHHXPOHHU3AIIUU MO B COBPEMCHHbIX
IIOJYIIPOBOAHHMKOBLIX J1a3d€pax
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CTpyKTypa nasepa tuna
GRIN-SCH ¢ MHorocnounHou
KBAaHTOBOPa3MEepPHON CTPYKTYypoOu

——\rAh]

rpagAueHTHbIE rpadneHTHbIE

CJioun \ MKPC CJ101
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graded-index separated confinement heterostructure

colliding-pulse mode-locked LD (CPM-LD)

Cleaved
Saturable absorber ~_(light output)

(17 pm)

p*-InGaAs AuZn/Au

contact

~.,
N \\

GRIN-SCH-MQW
active layer

n-InP block n-InP substrate

Device structure of a short-cavity GRIN-SCH-MQW CPM-LD.



3KCHepI/IMeHTaJII>HI>Ie JAAHHBIC 110 ITOJTYYCHHUIO

nyra gpeMTOCEeKYHIHbIX HMITYJIbLCOB B MOJYIIPOBOIHUKOBOM

jJasepe ¢ cuHxpoHusanued moja (GRIN-SCH-MQW-CPM)
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BpemMeHHOU uyr uMnynbcoB
GRIN-SCH-MQW-CPM na3sepa
c yactoton 1 Tl'y
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SHG correlation trace of | THz optical pulse train obtained by two-times multiplication of a 500:
GHz CPM-LD.




lNonynpoBoAHUKOBbLIN Nnasep C
pacnpepneneHHoOu obpaTHOU CBA3bIO

i electrode i injection cuirent

Z:~U2 74— Z'—'U2



BepTukanbHoO-u3ny4arowmmn nosnynpoBoaHUKOBLIN
riasep Ha AByX AfIUHaX BOJIH
c 6parroBckumu 3epkanamu (DBR)
Au mirror
Top n-contact

n - DBR =
Top cavity fesseyesess Middle p-contact
p - DBRE==E= =1y > Oxide apertures

Bottom cavity

n-DBR '




BepTukanbHoO-u3ny4arowmmn nosnynpoBoaHUKOBLIN
riasep ¢ OpParroBCKUMHU 3epkanammu

.....

Spoiling
Groove

Second Order
Grating




Window €

8-ch microarray
- DFB-LDs

-InP

/ n-lnGaAsP\

{ |
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\W_ i
8 x 1 MMI optical
combiner

.

AR film

SOA DN
/‘//,’ f/"’/
EA-modulator / _‘
Window /

4

Schematic structure of the wavelength-selectable eight-stripe
microarray DFB-LD’s with monolithically integrated MMI, SOA, and MOD.

AR film —e——



INntepatypa

« O.3BenTo. NpuHunnel nasepos.-M.:Mup, 1984

« ®dnanka nonynpoBoaHNKOBLIX nasepos.- M.:Mup,
1989
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