= UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL QRGANIZATION
-srl} INTERNATIONAL ATOMIC ENERGY AGENCY {jﬁy
L

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
LC.T.P, P.O. BOX 586, 34100 TRIESTE, ITALY, CABLE: CENTRATOM TRIESTE

SMR.998d - 5

Research Workshop on Condensed Matter Physics
30 June - 22 August 1997

MINIWORKSHOP ON
QUANTUM WELLS, DOTS, WIRES
AND SELF-ORGANIZING NANOSTRUCTURES
11 - 22 AUGUST 1997

"Capture Time in Quantum Well Laser Structure"

K. KALNA
Institute of Electrical Engineering
Dubravska Cesta 9
84239 Bratislava
Slovak Republic

These are preliminary lecture notes, intended only for distribution to participants.

MAINBUILDING STRADA COSTIERA, 11 TEL. 2240111 TELEFAX 224163 T ELEX 460392 ADRIATICO G UEST HOUSE V1A GRIGNANG, 9 TEL. 224241 T ELEFAX 22453] TELEX 460449
MICROPROCESSOR LAB. VIa BEIRUT, 31 TEL. 224991 | TELEFAX 224600 TELEX 460392 (GALILEO GUEST House ViaBeRUT,?7 TEL2240311 TELEFAX 2240310 TELEX 460392
ENRICO FERMI BUILDING V1A BEIRUT. 6 (TELEPHONE. FAX AND TR Ry Thpanmm Mane Rt nied



Ad =K - EaE . sAssa i A A &M - . A

ik B2 A EBRER .iABA L A Aa .

AR HARFiNXER i . R RE .

Capture Time in Quantum Well Laser
Structure

Karol KALNA

Institute of Electrical Engineering, Slovak Academy of Sciences
Dubravskd cesta 9, 842 39 Bratislava, Slovakia

1. Introduction to the capture time in a semiconductor laser structure
2. Investigated structure, ambipolar capture process
3. Electron capture time via the electron-polar optical phonon interaction

4. Theoretical interpretation of the measured carrier capture time
by Blom et al (1993)"

5. Electron capture time via the electron-electron interaction (with exchange
effect)
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Figure 1: Conduction-band edge diagra;m of the separate confinement het-
erostructure quantum well (SCHQW)
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Figure 2: Schematic view of a capture pfocess to the quantum well in the
SCHQW



Electron scattering rates are based on the Fermi golden.rule
(Born approximation).

Transition probability from an initial state to a final state:

2
P ( initial — final ) = Fﬂ |{ initial | Hinteraction | final)|® 6(Banal — Finitial),

Hinteraction - arbitrary interaction hamiltonian which is considered as a perturba-
tion.
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Electron-Polar Optical Phonon Interaction

Initial State Final state
Subband Wave vector Subband Wave vector
Electron g ky m K

The electren-polar optical phonon scattering rate:

2 r ee
/\f,f:p(kl) — € wLOme( 1 1)‘/[‘]2 do 'Fumm(Q)

8Th? \ke & ges(q)
2m, . 2me . 1/2 12
g = [2]6% + “EE—ES — 2k (kf + _E:E—ES) Cos @} ,

m, - electron effective mass,

EZ (v = i,m) - electron subband energies,

bt = Ef — Ef — hwpo,

wro - frequency of longitudinal optical phonons,
Koo - high frequency permittivity,

K - static permittivity,

The static screening function is:

e(q) = 1+ (¢5/0) Fifu(q) fi(ky =0) |

q¢ = e*m,/(2mkh?) ff(ks = 0) - electron screening constanc.
The form factors:

Finn(@) = [ dz1 [ dza xi(21) X3(22) €75 ¥ (o) xil)

X5 - wave function of the electron in the subband v (y=1,j,m,n).



Measurements of Carrier Capture Time
[Blom et al, PRB 47 (1993))2072]

Two basic experimental methods are used: . .

1. time-resolved luminescence spectroscopy (e.g. the upconversion technique) »

The capture time is determindd from differences in the rise time of the QW lumines- .«
cence after direct (below the bgrrier band gap) and indirect (above the barrier band gap)
excitation with a subpicoschm* laser pulse. . '

2. pump-probe spectroscopy

The capture time is determined from the decay of barrier pepulation in two-pulse correla-

tion measurements, corre_l@tc_a_crl;‘uminescenoe of (i) the AlGaAs barrier and (ii) the GaAs
buffer layer. '
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Figure 1: Carrier capture processes from the conduction and valence bands for the optical experiments in the
SCHQW
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Electron Capture Time for the Optlcal Experiment
by Blom

- electron temperature T¢ is assumed in the initial subband i

The electron distribution function ff(k,) is:

e(k;)
kgTe’

i

fi(ky) ~ exp

my

kpTf = ——2
©omf+my

(Eexcess - E? - Eh)

t 1

E; - initial electron energy in the subband :.
E! - initial hole energy in the subband i,

mB - electron effective mass in the barrier,
m# - hole effective mass in the barrier,

Eexcess - laser excess cnergy.

The optical matrix element in the absorption coefficient is proportional to
B x 3 . .
f dz / dza 7 (21 \j(22) = 1 if =7 a0 =eh
-x -
~ 0 if i £ 7.
which means that

e __ e“__',h_‘h
n; =nj=n; =n; ‘

in each subband, and the same number of electron and hole subhands is occu-
pied.

The electron capture time is reciprocal of the electron capture rate:

¢ epop
Tf_—lpop = Z fr (kl)f/\mr (kl) .
ok, fr' (kl)




Hole Capture Time for the Optical Experiment by Blom

- classical model
- 3D-to-3D capture
- the 2D-to-2D capture model fails

Blom estimated the hole capture time 15 = 12.5 ps from the diffuston theory:

b? kgT
=@p,  DhT e M

where iy, - measured in the n-AlGaAs bulk -

Th

th = 5.8 - 10%ecm?*V1s™?

" The diffusion concept is not appropriate because:

1. the hole mean free path £ is >> b/2

B \
Mtk ~ 10004,  b/2 = 5004

¢y = VR Thole—impurity = Vh

where vy is the typical hole velocity on the barrier.

Thus the hole mean free path in the samples of Blom et al is typically much
larger than the barrier width.

9. the classical capture rate should in fact be

1 (the probabilfty that the hole emits 0'1)'.')

Th tical phonon when crossing the QW
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Semiclassical Hole Capture Time for
an Optical Experiment

- thermionic model with semiclassical transmissions coefficients

The semiclassical thermionic hole capture time is:

' 1 ym/2 , w )
[1 - F/—m d¢ exp (" (3D) )} ;

Th—pop (Eh) Up TW-}B Ccos QS

where the hole velocity v, on the barrier can be found from the laser excess
energy as

1 e
‘UKV = \/QEh/mh, Eh = '"Eexcess—m_.»"' Vu?,

2 Me -+ My

VP _ energy difference between the QW and barrier in the valence band,

my, - hole effective mass in the QW

The transmission coeflicients are given by
4/mPmn(Ey — VME,
PR
(VmE(En — VP + Vs By)

and the polar optical phonon emission rate of a hole by

Tpuw =Twop =

1 -/ /9 eQwLO (_ln_l) 1 In VE, +VEL,— o
nga—i)ip(Eh) "M 4rh \kw 8 VEr |VEr = VEr —Targ|

The ambipolar capture time reads:

1 1(1 I)
— = =4 ],
T, 2\t T}
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Electron-Electron Interaction

Initial State Final state
Subband Wave vector Subband Wave vector
First Electron ) k; m ki
Second Electron j ko n ks

The electron capture time for the laser regime is reciprocal of the electron
capture rate

T_l _ E:’,m,kl f;e(kl) ’\:ef?’l(kl) n = pop,e
e=n ik, ff(ki) ’ o

i — subband > AlGaAs barrier,
m — subband < AlGaAs barrier,
fi(k1) - electron distribution in the subband «.

The electron-electron scattering rate of an electron with wave vector k; from
the subband i to the subband m:

/\SC (kl) NSA Z;( f (kﬁ) /\fjemn( )

g = [ki — ko] - relative vector,
{ —subband > AlGaAs barrier,
7 —, m—and n — subbands < AlGaAs barrier,

A - normalization area,

fi(k2) - Fermi-Dirac distribution function of the electron in the
subband j at temperature 8 K and for electron density Ns.

1) The electron-electron pair scattering rate:

PN ( ) N5m864 |F:eﬁnn( )|2
ymn 167h3Kk2 Jo ¢® ec(q)?
2
1 . 0 4m, . 1/2 1/
=3 - 2g(g + -—ﬁQ—ES) cosf|

~10 -~



and

Es = Ef + E; — E;, — E,

e“(q) =1+ (¢5/9) Fitn(q) fi(k, =0).

The electrom-electron multisubband pair scattering rate:

ee N5m664 2 ce qg ce ee : —~2
’\ijmn(g) = 16nh3r2 Jo ad [Ffjmn(Q) - Wpﬂml(Q)an(Q) q .

The assumption: .
Fijfnn(ﬂl)Fffu(Q) ~ 1
Fieieml(Q) Ff;ln(q) .

Incorporation of the exchange into the e-e scattering rate:

ee .2 ee ee ee ee !
|Fiz'mn(Q)| — % ['Ejmn(Q)lz IF:'.;Fn.m(qlr)l2 _ F‘ijmn(Q)Fijnm(q ):I :

q2e‘(q)2 q2e¢(q)2 q:2ee(q:)2 qﬁe(q)qlec(ql)
where

1[, . dm, 4 1/2 12

qf = 5[292 + 72 E§+2g(gz+ ;;eEg) ~ Cos @} .
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Conclusions
- The electron and hole capture times in the SCHQW have been calculated.

- The electron capture time via the electron-electron interaction plays a
role only in the resonances, and at sheet carrier densities in the QW close
to 102cm—2. '

- The hole capture time has been calculated semiclassically using the ther-
mionic model.

- Qualitatively, the measured capture times by Blom seem to be well under-
stood, but quantitative understanding is still missing.

One should consider:
1. the carrier capture via confined phonons
2. the hole capture via non-polar optical interaction

3. the quantum treatment of the hole capture beyond the assumption of co-
herent 2D barrier states ‘
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