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ABSTRACT 1 o RN .

The advent of synch}oﬁouSIy pumped, modelocked, cavity dumped dye
{ RN R
lasers and fast phptonultipliers« has allowed _ tine-resolvgd

photoluminescence spectroscopy to ‘be pushed into the sub-nanosecond

and picosecond regime. This enables the transient study of exciton

‘phenonena in semiconductors uhose,iﬁteractioﬁs, particularly in direct

i «

spectroscopy allows the direct” measurement of transition oscillator
strengths, a qUantity‘iuhich ‘is _sensitive to ‘theoreticdl exciton
models, thus allowing experinﬁptal tests of theory. Tine;resolved

\
photoluminescence is also useful for identifying third particle

replicas of principle transitions thus enabling estimates of the

exciton binding onergies& to be nadi. In 8i, the lifetimes of the

2

deopesf simple  acceptors . In. and Tir bas uellras—the—deepéstmsi-ple ae
' - L

donor Bi, bound excitons were nensuﬁsd and in the'*cake"of the

S

-

acceptors found to agree with predictions based on the simplest

. theory. In CdSe it wvas determined that bouﬁd excitons are formed from

the trapping of free excitons, contrdry to other published results, by

observing the time domain behaviour of the free and bound exciton

- luminescence. Selective excitation of the bound exciton transition

| : - - L
illoﬁid' identification of satellite lines and in the case of the
acceﬁtor, gave a binding energy substantially less than the common

known acceptors. For InSe : the lifetimes of bound excitons ware
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measured and the fesulfs compared with theorebical predictio;s. In the
case of GaAs time-resolved photoluminescence allowed the testing of
7 tqol'-odgls put forward to explain the ‘damage lines’ characteristic of

3,

sample growth by nolecglar bean epitaxy. Neither model was foun& to be

c&ﬁiié’wn 'Qifhrﬂ;xﬁ;r{;;htrrféfr fﬁé:ruﬁbie‘ Qét" ;¥7liﬁos.wgii;ét;vo:A
excitation of the highest energy Ydamage'. line  showed : it to be

acceptor iike although with afé;aller binding energy than proviouslx

thought. These ‘salé 5§np1§s also showed a'ti-erdebondent dip, under ?;7”T"”
selected excitafion conditions,‘ in the polariton region of the |

spectrum. This behaviour was nbgéled Qith reasonable success using the

Boltzmann equation for thoaifansport of polaritons to the surface.
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v _;4.3 l

A- free hole and electron in a semiconductor experiénce a Couloib
attraction which favors the formation of a - bound state with a

consequent ”reduction, in  total energy. This bound electron—hole state —

is called a free exciton (FE) [1.1]. The two-particle interaction

- -

potential is

Hime = €r o e . ‘ : ) ) " 1.1

where € "is the dielectric constant which takes into account the
screening of -the bare Coulomb potential by the polarizability of the
host lattice. CPY analogy to the hydrogen atom the energy spectrum can

then be written as

: -e'm .
Er = ZR@nr 12

vhere m is the ‘reduced mass, m* = me' + m'. These
N {

electton and hole ntgpes are effective masses thus crudely taking into

Hqccount the Jeffocﬁ of the lattice on the single, quasi particle

\ .
The digloctfic constant for semiconductors is of the

Y §

~ X N .
ordot%:lo and the reduced mass is usually far less than one, leading

Pt

. -
e
K
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X

to binding energies of 'gpev order of meV. rather than . FE

wavefunctions are thus very extended, of order 100 A. Due to the siall

¥ .

“binding 7energies FE in most semiconductors are !tqﬁle only at

cryogenic temperatures. Thgséﬁexcitons are not localizedvandvare thus

]

free to move around.in the crystal hence adding to-tho energy levoii__

of equation 1.2 a kinetic energy term leading to FE bands

‘ _ _ —e%*m ﬁki . ' o
Enw = 2K2 €2 n? + M " : 1.3

-
y

-

| Here H=n;+nu is.the total effecéive eiciton;g;ss.

+
&

hl

'&ﬁ%
<

The above discussion‘ can be put. on a more formal footing. A

single 'particle excitation wavefunction for an electron can be written:

as

B lre) = uglredexplikore) | ‘ 1.4

where uy(re) is thé periodic part of a Blbch' function. This
wavefunction is not ‘localized in real space and hence there is no
Coulomb attraction between such a state and a'corrgspondihg hole

state. At the expense of a bit of energy a wavepacket can be formed by

expanding around the band extremum wavevector Ko, in terms of the

wavefunctions in equation 1.4, to form a localized excitation, ihi ]
- wavefunction for a localized electron can then be written as a Fourier .

‘sum with expansion coefficients Ay

C e



" This is the essence ;of

Yre) = T Acup(redexpikere) , D 1.5a
. kK T o :

and the corresponding 1oéa1§zed hole wavefunction expanded around the

valence band extremum go is

*

) = § Baug(rdexpligery) . " 1.%

If the particle is not too localized, meaning that the wavefunction is

spread out over séVifal'ﬂlaffice constants, the sum over k“éan be

restricted to k near ko. The Bloch functions can then be

approximated by the ”band "extremum values and taken out of the sum.

[1.2), Equations 1.5 now become

Ve = ug (re) ()k:Ahexp(ig_oL;)); ' 1.6a
V() = ug (1) ({Bgexp(ig'[_u)) ' o 1.6b
q - o

o

The quantities in brackets are slowly varying envelope fugriions

~extending over wmany lattice sites. A localized quasi-particle

uavofune&&oh is thus approximated by the band extremum Bloch function
modulated by an envelope function.

A two particle exciton wavefunction can be formed from the

 the so called effective mass approximation



,/ﬁ

i

h »  PAE S

B
product of oquatiaﬁs 1.6a and 1.6b where the okpcnsioﬂ coofficionti'g

by}

and B have been auﬁigalated into C

$re, ) =ux‘,(;;)ugotg_,.)’%cmg)expug-r_,.ug-b.))- P
4 , a - :

Thi5'~ag§in consists of a”slbwly'vainhg'ehvelopé”fdhffi6h”léadlifed by

Bloch functions. The ' total symmetry of the FE is givén by tho\difect

product of the synnetfy of the band edges and fhg envelope function.

[y
e

- This must be kept in mind Luhon aerivihg selection rules. The
wavefunction in equation 1.7 represents a FE located at a specific

plhce in :the crystal. This is too restrictive since we expect a’FE to

°

be free to move in the crystal, because the interaction potential on a

L

scale . of iéay lattice sitég is just the Coulomb potential which

depends only on the relative separation. A deldcalized FE wavefunction

of well defined total wavevector K can be constructed by rost:iigynf

the sum in equation 1.7 so that,g}kﬁ&, only pairs adding to the right

-idien{ui‘*can contribute. The envelope function in equation 1.7 thus

" - becomes o

S lre,pn) = uxp(;;)unpttn)CEC(Erg,g)oxpti(Krg)ogg+ig01H]) . 1.8
e .

This —ef#ectively' removes one of the sums and in eikoncr tntroduéts

e

a

some delocilization. What is left is delo¢alizod center of mass -otionx

of well defined momentum K and an internal vavefunction depending only
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on the relative nﬁtion'ofvthQ_ngggfqg;gnd ho!e. This can be seen by
: 4 ,

transforming to center of mass coordinates

1L
b

//"

The FE envelope wavefunction part of equation 1.8 can be rewritten as

a product of an internal wavefunction and one of center of mass motion

(R,r) = ({cqp.xp(-mor_)).xpug-g) = ine(r)expiKR) 1.10

The FE wavefunction will then satisfy a Hamiltonian of the form

H= D+ B2 & 111

By analogy to the hydrogen atom problem §:ne(r) is given by

$ine () = JC(Qexpl-grr) = Frimlr) ' 1.12 .
a ° ‘*

vhere the C(g) is the Fourier transform of the hydrogenic functions

Fnl—(L) -



o

For thgmlgugst energy state this reduces to

4
>

}z;t. A 1 4372 R
; r.,f In ( a. ) exp(~r/a.) » : l.l?
%, ' ' ’ . , , B .
\ , ) B
where a. is the FE Bohr radius given by B T
E ’ . . . IR . . U . - et
o ’ |
X 1,14

b

The energy above the wminimum of the band needed to forn'the
localized states is ‘nofe than recovered by the resulting binding of
the localized electron and hole due to the Coulomb potential. Free

—

electrons and holes in a semiconductor at low tenp.raturesgtzo thus

" unstable to. formation of FE which are the loucst»onergy,,intrinsié I

excitations of the crystal.

Ultimately the electron recombines 'U;th th§ 'hql0‘ and the FE
annihilates giving up its energy to cr.at; i slightly belov band-gap
photon which can vbe detected outside the crystal. A FE his a
characte;istic luminescence lineshape consisting of a sharp low energy
edge corresponding to a FE with z§ro center of mass motion and a
Boltzmann Eail to higher energy. Since wavevector sust be conserved
upon FE annihilation this characteristic line shape is generally seen
only in phonon replicas of the FE transition since a phonon is then
available to absorb the excess momentum. In the no-phonon region of

the spectrum only essentially stationary FE with center of mass
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womentus chn contribute, resulting - n a sharp spike for the FE
no—phonon lineshape. The radiat*ve decay rate of the FE is dotor-ined
by the overlap of ‘;loctron and hole vavofumctions but the observed
docay tino of . tho FE rarely corresponds to the radiative rate. The
reason for this is that FE are readily trapped on impurities to form
bound excitons (BE).' The observed decay rate is thus usualiy tﬁe

trapping rité.

P

W
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‘Lampert [1.31 first suggesteﬁ that FE could get trapped on dodor

‘and acceptor impurities to form BE further reducing their energy by

tﬁe " exciton flocalizationiqenergy of ;the 'binding' center. He made

analogies between ah exciton bound to a neutral iipurify’and the

hydrogen molecule as well as an exciton bound to an ionized impurity -

and the H: ion. Hopfield [1.4]1 discussed the stability criterion in

terms of the electron to hole effective mass ratio and determined that

excitons bound to neutral impurities are stable for all mass ratgoi‘

whereas excitons bound to ionized impurities are stable only for

restricted values of the mass ratio. Specificdlly in 8i where

Me ~ Wy neither ionized impurity center can bind an oxcitoﬁ,k

whereas in GaAs where M <{ ms an exciton bound to An ionized

donor is stable while an exciton bound to an ionized acceptor is mot.

A BE, upon annihilation, gives off a photon of energy lesi than that

of a FE. In fact the exciton localization -energy -is directly

determined -optically by measuring the energy difference between the BE .

and FE lines. There exists an enpirical' relationship between the

excitonv localization energy Esx and the impurity binding energy E,

-

Emx = aE, + b ) . 1.157

Wt

«

known as Haynes' rule [(1.3], vhere a and b are constants for a given
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PAGE 9,

material. It has been found to hdtd"tn“iaﬁy”ti%cﬁiifiﬁfiii‘lﬁ‘st‘iio.1

and b=0., If effective mass theory were entirely applicable all

impurities of the same type i.e. donors or acceptors would have the

the same ionization and exciton binding energy. Experimentally the
actual energies are often found to vary considerably from the

_effective mass values and this is attributed to lattice strains or

differences in the core potentials of the differont impurities. A

short range potential, called a central cell potential, is added to

: the Coulomb potential to account. for these differences in blndiﬁg

energy.

A BE line is distinguished optically from a FE line by its
extremely narrow line width, sinc§ unlike a FE, a BE dqcsknot have a

Boltzmann tail due to thermal -oéion. BE were first detected in Si by

Haynes [1.3] who, by selective doping, identified lines corfosponding

to excitons bound to several common impurities in silicon. The neutral

impurity wavefunction, as well as the FE vavefunction, are very

L Y .
extended covering up to hundreds of lattice sites, hence the FE
trapping cross section to form BE is large. This cross section can be

determined optically by leasufing the decay’rgtes of the FE and BE, if

the denslty of trapping centers |is known; Provided the density of

impuritiex is not so high that BE wavefunctions ovoriap appreciahly
the lifetime of a BE is characteristic of the blndlhg center and is

tﬁ§ inverse of the sum of the radiative and non radiative decay rates.

A large distinction must be made here between direct and
indirect—gap semiconductors. In dlroctfggp/”/;e-lconductors BE

recombination can proceed without the participation of a momentum
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conserving . phonon, ‘and the radiative rate tlf;¥irge44}03d%ng—t0488

lifeti-el of the order of 1 ns. In the case of BE in indirect-gap

.____,

semiconductors the rldiative rate is much roducod due to the needod

Wpart@cipation of a womentum coﬁ!&rving phonon. In this case the total

decay rate is usually dominat by the non-radiative Augér decay,

. \ .
wvhere the BE energy is given off to the remaining particle of the

neutral BE conplex;ifdriihallow”BE in St thorli;;fi;;ugf fa;iaéilsrof

the order of us vhereas for deeper BE the lifetime is reducid to less

than a nsi//Jhi“Qg decay rate in these different circumstances is the

{ .
topic of the next sections.

The whole fieid of -Bﬁéin various semiconductors, including the
. L3228

effects of ext!rh;lwgfrturbétions of fho sample, Fas been extensively

reviewed by Dean and Herbert [1.6]. The next sections will discuss

only those lgpects relevant to time resolved spectroscopy of BE in

seniconductors;]
4

s
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The BE oscillator strength d;ter-ined from the strength of the
absorption in direct-gap semiconductors is suprisingly large cdnparedJ
to to intrinsic FE absorption, considering the relatively low density

of impurity centers. This was first explained, by Rashba and

oscillator str;;ath propoft(onal to the volume of space covered by the
BE wavefunction. }The s;alloucst ‘BE.thus hﬁve the largest oscillator
strengths - and co;versel;wéhe shortest 1ifetimes. Before de;iving this_
result some background quantities need to‘ be discussed. . / i :
A set of classical oscillators with resonance frequency o

driven by a field of frequency w contributes a polarization per unit

volume of [1.9]

Net f x -
Pl = == ———bp - - 1.16

¢

_ ‘ RN
wvhere N is the numher of oscillators per unit volume,” m is the mass of

Y :‘-\r }‘.“
the oscillator and f is the oscillator strength. With a suiﬂ?@le

. ) ) i
- quantum wmechanical definition of _f the interaction of light with

i

%

matter can be adequately treated. In the low frequency limit equatiqg ANy

5
RS

1.16 becomes : SNy
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From semiclassical radiation theory in the dipole approximation Cl.iO]

we have the following results DAL (

t a2 i . - -
B = AEEL LoD 1.8
7 ,
’t
| | 7
Here Bis is the Einstein B coefficient [1.111, th %

2

transition probability per unit time when multiplied by

spectral energy density, and the quaged term is the‘pipole matrix
element between the initial ind final states squared. Furth¥rmore, the

quantus mechanical polarization per unit volume in the low frequency

limit is [1.12] o - ‘

2et

e 1.19

KA IR N > (2

Pan =

Comparing the classical polarization (equition 1.17) with the quantum
mechanical polarization (equation 1.19), a suitdble quantum mechanical

N
definition of the oscillator strength f is
v'\_///“

f = KA lp M > 12 1.20

3
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The oscillator strength vas deternined frow the dielectric response to —
an incident electric field in one directitsl, so on average only 1/3 of | .
the rando.ly orientod osciliatofs participated. FO('tﬁo purposes of
caiculating the radiative lifQ€TIO the direction is unimportant andh

‘;‘_,l ——tu

the oscillator strength is therefore a factor of 3 too small. Itr

should be

f = '“" KAelpINa 2 : . 1.21a

i
§

Using the identity imxmirin> = <mipin> tl.lgg, thiggequation can also

¥

. . A
be written in terms of the momentum matrix element as

2
Rt

f = I<AelplAadi2 ' 1.21b

In terms of this oscillator strength the equation 1.18 can be

rewritten as .

Bie = 3“2'!.2 fae

.

. R gﬁ&_
The Einstein A coefficient, or the spontaneous transition rate per

unit time, is related to the induced transition rate by [1.11]



We -are interested in the radiative lifetime of an excited state. th? B .

Ay Ruo”? S . B , S
— — T T po . S
Bir wic® % ) e . :

°

. B ’ - R . : y
In  terms of the oscillator streéngth, _the A coefficient, using
‘equations 1.22 and 1.23 can be written as | ﬁi' * - €21_;_/,
2ugtet , o e S
Ace =,—2"‘3-i—,'-—; foe | e L2
o0
—T /\ '

excited state populationv is decreased by ipontanoous emission of

photons, a process which occurs with a probabilxty given by A. In a

0.,

7diolectric nediu- of rofractive index n the inducod emission rate is

increased by a factor n® due to the' increased photon density of
final  states but decreased by nZ due to the diviqeon by tho

incroased incidont onergy density, yxolding a not incr09|o of tho o

coefficient B by a factor of n tl 121. Sinco the spontnnoous and

induced emission rates are rolated by equation 1.23 the coefficiont A

is Sinilarly increased by a factor n. The radiative lifetime T=1/A in ‘ ‘

’a dielectric medium ofrrefractive index n is thus given by

] R . o - >
Tmap = —%.n— f—2 o : l 1.2

¢ e

This can be written in more convenient units as [1.13]

%
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where I(w) is the incident light‘ intensity of frequency w. If the
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4.50) o . 1.26

=
T"” B nf

vhere )\ is the transition anelenﬁth in vacuui4in cm. : ‘ | y
#E/*ﬁ;; 7os£illator strength can convenigntlyA be determined .
;xperilontally from  the integrated absorption of a~transitionﬂE1:14i;f~fﬁMﬁfff;—éf
In terms -of‘ th; absorptiﬁn coefficient a which represcnts the

fracfionll chan§0 in intensity dI/i “with unit length, the absorbed

power W is given by
,—:':— = [ e (W dw | 1.27
fntonsity is approximately indepondont'bf frequency in the snillrrange

vhere ® is non zero, then &I(unr can be taken out of the integral

leaving

du - .
il l(u)f-“(u)du 1.28

K‘Thoﬂlhib?bia power is also equal to

Fompelep) © s
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where N, is the ' number of absorbing centers in the !hitial state.
The first bracket is the transition probability, per center and unit
time, and the second bracket is the energy absorbed per transition.

Equating 1.28 and 1.29 and substituting in .for thol Eihstein B

_ toe?f!ciont from equation 1.22 gives for the oscilllto?'it?iﬂﬁfﬁﬂ";“’””"

f =___D_C_
AT T 2N, w2

For an absorption measurement, the appropriate expression for the
oscillator strength is equation 1.20 rather than 1.21a, cohloquontly

_ the factor of 3 does not appear in this result.

The momentum matrix element connecting a FE or BE to thé tryltal'L""

ground state can be written as [1.8]

- M = DYC(ke, k) - ’ | 1,31
kﬁ .
)
where the C are the expansion coefficYents in k-space of the exciton
envelope function. The band-to-band .matrix element for an allowed
transition does not depend strongly on k, and hence can be taken to be

constant over the range of k needed in the expansion. It can therefore

be, taken out of the sum and included in the constant D. Each

fouetrde 1.30
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- electron-hole pair connected by an optical transition thus contributes —=
to the total optical"latfix element of the cxcitoﬁ with a weight
determined by tﬁqhggpqn;ion cogffiéicnt‘c. Since-light hli’elltﬂtiflly
zero momentum Eo-pared to eiectrons,~h§les, or excitons, ly piir; j
haQing the hole uaveyector oppositev’to the electron waveve;toﬁw
(g = —k;)‘ are connected via an optical transig}on. All other
piirs are not connected and do not contrihuté?to th;’ést;i"éﬁiiéii” 77777777
matrix element. , fn o - e

The allowed k values are closely spaced and equatiqn'1.31 can be s

written in the continuum limit as

D ‘ ' .
"= G I‘!(Lp:,-kg)d"k; | 1.32

Y is the k-space cnyelogg”;ggyefqnction of the exciton. Ycanbe - =

written as a Fourier sum of real space components yielding

Ve, ~ke) = _75575_ IJ,KL;,LH)QXP:ik;’(Lg—zﬂ)ldaredafﬂ 1.33

Substituting this into equation 1.32 and integrating over k gives

1 | |
M= —my5 ¥ 1) (20°8(emp1) Jd T ed®r s, : 1.34 S

Integrating over one of the spatial variables is now trivial due to
- i
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the delta fun;tién, One has, lftir*fntigrlttng'ovi?"gﬂ

M = Df%re,re)d>r e ) | . 1.35

.This is an intuitively pleasing result since it is reasonable tﬁat the

;lectrony and hole must be at the same place in space in order to

recombine. This could have been used as a starting point except that .
its ieaning is 'not so clear ‘for non-localized ‘Bloch states. -

Substituting the momentum matrix: element from equation 1.35fintov

'equation 1.21b for the oscillator strength gives

e o : )
f=— ol U!(L,,g,)darg : 1.36

vhere the constants D* and 2/%a have heen amalgamated into the new i
constant D'2. If the pair envelope wavefunction consists of the

product of a nornalizqd‘freo hole and free eloctrbn wvavefunctions thé,

integral‘is identically unity. Hence the constant can be written as

D'2=f - | 1.37

\

vhere .f, and w; are the band-toband oscillator stronﬁth and

frequency respectively. For a, FE ‘' with K=0 and py=re, the

o
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1.10,

® .wavefunction normalized in a volume V, is from equation

g

Yo (fuyrm) = }V ‘lni(O) ‘

s

o

The FE oscillator strength is thus

' Wy ’ 7: : ~
f.éf,V o 181ne (0) ] |

~

1-38‘

1.39

E

The totalréFE osi:illltor“vstre_ngth is proportional to the sample volume.

A quantity independent of sample size, is the FE oscillator strength

per molecular volume Qo

f. = fgq'o. —?;T L._snt (0‘)|.k

=

volume is thus from equation 1.36

. _ % perdore|*
-f- lotni (0) "QO

.

1.40

The ratio of the impurity BE to the FE oscillator strength per unit

’

1.41

The difference between the frequencies w., and W is usuallirvery

£
E
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-

small and hence the frequency ratio can be taken as unity. This is the

——

salient result of the work of Rashba and Burgenishvilli t1.7,'1.§17. The
numerator is of order‘ unity vhereas the denominator is of order
Qo/ax>. ax is the Bohr radius of the FE. The vilu;, of the
denominator follows' éﬁproxinatdly from the nornalizatioﬁ condition.

The ratio of the impurity to FE wavefunction is thus approxinnteﬁ?

a J

given by . ' - e
N : \\

I PUNNER Piull 1.42

Since ax® > Qo, fi > f. and we have the so called giant
~oscillator strength effoctvfor impurity BE in direct-gap materials. fo
evaluate the right hand side of equation 1.41 more accurately one'-usf

L3

evaluate the 1ntegral over the inpurity BE wavefunction approxinately.

He can proceed as follous For a wonkly bound excion the BE

vavefunction can be expanded in terms non-localized FE wavefunctions.

in’close anylogy to the‘develbp-ent of the FE itself in section 1.1

Y (T = TP By 1) N 1.43
K . -

®

Substituting in for the FE wavefunction from equation 1.10 this

becomes

'
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V(e ) = FFOQne(DexpUKR) = ine (DFR) 1,44
s , ' FR

Q

.where the sum over the expansion coefficients has beén written as

F(R), another envelope function. In terms of this envelope function

equation 1.41 can be written as

i

f, [#00e (O) 12 | fFCRIGR|"
. T#ne €0) 1705

o ' 1,45

From this result we see that the ratio of the oscillator strengths is
given by the number of molecules contained within the BE wavefunction

volume. An F(R) can be found by putting\intd S;Bchroodingor equation

for F(R) a physically reasonable potential. A simple choice, that -

. adequately describes an exciton weakly bouhd to a neutral impurity, is .
a delta function potential with the depth of the potential adjusted to
oqual‘ the exciton localization energy. The Schroedinger equation for

F(R) is thus

e RaF@ = A iR 1.46

wvhere E» is the localization energy of the exciton. F(R) is
essentially the areon'p function for the Helmholtz equation [1.135]

wvith the well known normalized solution



X I)! exp(~xR)

R = (o B C

& x -‘l )

1.47

The value of the numerator in equation '1.43 can now be evaluated using

the above expression for F(R).

Bw

5| fexp (-xRI4wRAR|" = —— | 1.48

2w

|jr<R)&=R|’ =
N\

Defining th§ effective range of the potential as

N S
T (2wE)

2 = 1/x 1.49

and using equation 1;48 the expression for the impurity oscillator

strength, equation 1.45, becomes

-

fo= 1. S22 o 130

The impurity BE oscillator strength should then decrease with

increasing BE localization energy Ep as

/



.'nofphonon ‘oscillator strength for an indirect BE is due to the small
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f. « Eg~2/2 S 1.51

The corresponding radiative lifetimes, given by equation 1.26, thus
increases with incroising localization‘onorgy. For typical BE and FE
parameters in a diroct-gap semiconductor the BE oscillator strength is
of order unity and tho radiativ0>Tifotiu0 of order 1 ns. The- rosultsfw-fuff~44—ff
of this theory uill be conpared to the oxperinental results for InSe . /
in chaptor s. g ’ﬁf |
In an indirect-gap semiconductor the band edge to band edge
matrix element is zero, guo to the need to corscrvo wavevector in ln

optical transition. The above analysis is thus inappropriate since any

amplitude large wavevector conponents: of the BE wavefunction. It

_depends precisely on those small components, for which the Bloch

function can not be approxinated by the band extremum function. Very —
shallow BE which co;iquQntiy;hayo a small spread in k-space thus have
oxceedingly small no—phonon osciilator -strongths; Deeper BE with ég
cqrrospondingly greater k-space iproadl have larger no—phonon:
oscillator strengths. In the case of shallow indirect BE, radiative
transitions proceed nuch mor ¢ roadil; with phonon participation. The
total radiative oscillator strength is houevor much smaller than in

the diro;t-gap case, ind conioquentlyAradiativo lifetimes gre‘of the

ordor of ﬁl or even ms. ' : ‘ o
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A BE can also decay ndhfradiatively, in which case the observed

lifetime is less than the radiative lifetime.

177 = 1/Treonman + 1/Trap 1.52

If the binding center-concontration is known, the non-radiative decay
rate can be determined by experimentally measuring the integrated
absorptiqn, theioby determining 1/Trap uuith help of ;quation 1.30,
and wmeasuring the tothl lifetime .VT thefeby determining fhe
non-radiative rate through equation 1.52. Usually one works in the
limit of . either one of the rates being dominant, in which case the
measured decay time uillv essiﬁtially-ﬁe oqual:to.the inverse of the
Jdiiniﬁﬁ . decay 'ﬂf‘félﬂﬁTﬁérfiihofflhfi of,. non-radiative decay in
indirect—gap seniconductors wvas first realized 'by Nelaon et. al.

[1.16]; who noted that for the P site donor BE in GaP13, the loa:uréd

lifetime of 21 ns was 500 times less than the radiative lifetiio of 11

us, calculated from the inteﬁrated absorption cross section. This fast

decay was attributed to Auger decay, in which the annihilation energy

of the BE is taken up as kinetic energy by the remaining particle of

the neutral impurity BE complex. The remaining particle is inJochd

deep into the conduction band (for electrons) or valence band (for.

holes), whereafter this hot carrier quickly relaxes by diving off a

cascade 6f phonqns. The Augér rate should increase rapidly with
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increasing binding energy, since the spread of the bound particle

..wavefunction in k-space, and hence the overlap uith the large

-

wavevector ,froo‘rparticlo final states, is inversely proportional to/

the localization in real space. Déan et. al. [1.17]1 have 61ven

qualitative arguments for the dependence of the Auger rate on the

T — T
exciton localization ene;gil The argument pyoceods as follows. The

Auger rate. depends on’ the. overlap of therl;kerpartlclos:inwthewBE
complex. -In a model BEthere ﬁne of the llk§‘6;rtitl§§; a hole say; is
tightly bound and thoféther is weakly bound in a hydrogenic 1S state
with effective Bohr radius a, the hole-hole overllp'is given by the

square of the hydrogenic wvavefunction at r=0,

1 | | |
L IOV 1.54

Bﬁt‘ a is relaféd fdvﬁﬁé ;;éigsﬁgidcaiizaiion energy through equation

1.14, consequently the interparticle overlap is proportional to

190 It « Emx®’2 | . 1.55

The second f:ftor influencing the Auger rate is the spread in k-space
of the wmore tightly bound ‘particle. A greater spread means larger
overlap Qlth the free particle final states. Assuming that the tightly
bound particle is in a hydrogenic state with effective Bohr radius a,

the spread in k-space is given by the Fourier transform of the
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hydrngﬂic is wavefunction.

—
W) = Tz':_ [ o expdkopder j
8 |
= =57z § exp(-r/arrt( fexplikrcos)d(cose))dr 1.56

/8

B e
‘312

) (expuik—ua)rf - expl(~ik-1/a)r J)rd_r

Straight forvard‘infegration and algebra gives the result

1o 12« - s3) 1.57
: a®  \(1/at+k1) o :

for the square of the k-space wavefuction, ignoring the constant
factors. The effective Bohr radius and free particle wavevector ar{

given by

p,
e 2"‘5“” & ket = 2""5”' 1.58

where m: is the effective mass of the ejected hole, E. is the

acceptor binding energy and E, is the final state energy of the

ejected hole assuming a spherical band. In terms of these values, the
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square of the wavefunction for k=k. is proportional to

<

‘ En S/2 : )
2 —_— .59
12Ck) |k-kf “ (EatEx) , 1

\

Ex is almost equal to the band-gap energy which isrvery;nuchwgroater-fWﬁf~——¥f

than the acceptor binding energy Ea. Hence equation 1.359 becomes

.'(k) li-k' o EAQ/Z o E-xu/z | - 1.60

VN
v

vhere the last step follows from H&ynes' rule equation 1.15. The
combined effects of these two factors is that the non-radiative Auger

lifetime 74 is expected to vary as

Ta € Enxt | | et

Experimentally [1.181, for acceptors and donors in 8i, the Auger
lifetime has been found to cbey a pounr‘lnu relationship similar to
equation 1.61 with an exponent of -3.9 for acceptors and —.6 for
donors. This -is remarkably close agreement considering tho'crudon.iﬁ
of the wodel. More quantitative calculations of the Auger rate have T
been made by Qnrious groupi t1.19-;.211 with reasonably good results.

b In 8i, for both neutral donor and acceptor BE the experimentally



N | - _ PASE 28

determined lifetime is inﬂrublx”q?ina}@ﬁ’b! the Auger .‘docay rate.
~In the direct-gap materials studied here lgov’over'the hugeA radiative

rate wvas found to dominate for the shallow BE.




conserving acoustic and optic phonons.
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3

'Partially non-radiative decays of BE are also possible. In this
case SOme of the BE energy is taken up by a third particle, either a
phonon or the fenaining electron or hole of the neutral binding

center. Such phonon-assisted transitions heye already been nontibnod

as  important decay channels for shallow BE in _indirect-gap

se-iconducto;s. Spectroscopically this leads to roplicas of the main,

©or no—phonon lino shi fted to lower energios. The pri-ary inportance of

- this to tiue-rosolvod spoctroscopy is that all replicas of a given

transition wmust have identical transient behaviour since thoy

originate from the oane initial population. ‘This often helps in

L4

identifying luminescence lines and in - separnting spectrallyn
. oo : A

overlapping louinoscenco features. ,V ‘ £

. In the co-pound direct-gap semiconductors, the predominant phonon

interaction is with ii&ll’ﬁi@é%itfofiLorphonons, since these phonons

have macroscopic electric fieldovassocioted wvith thea and hence couple
e ; ‘ -

strongly to ‘electrons and holes. In the case of Si the predominant

phonon  interaction of the FE and shallov BE is vith momentus

] | _
The other . kind of third particle replica is purely electronic in

origin. It is in essence a partial Auger decay in which the ronainihg

electronic particle of the neutral BE complex is left in an excited
state of the impurity center. In the case of neutral donor (’CEoptor)
centers this is called a twoelectron (hole) tianlifion. The

electroriic excited states of the impurity can thus be sapped out if

-
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these transitions can be oplorvod,!f‘p-tyge orbital or large quantum

number electronic excited states can be cbserved then the ioﬁi;jtion:,

energy of the impurity can be accuritoly determined from lth;\

hydrogenic limit, since, the p-type or large quantum number

wavefunctions do not sample the central cell region very much. If, as

is often the case, one sees  only the two-particle transition

Vc‘ofrosponding to the 15-28 transition, then the ionization energy can

be approxiuately determined to be 4/3 of the énergy,splitting between
the principal ;nd 2 particle satellite line. These partial Auger
traﬁsitions were first ob;erved and identified by Dean et. al.‘[1.22]
7-» for P site donors in BaP;,although Tﬁonas and Hopfield had ﬁbstuiatod

\
\,

their existence earlier £1.23]. \ ’ s
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In direct-gap semiconductors with electric dipole active exciton

trangitions, there exists a strong coupling of the FE with light of
‘the same wavevector. This coupling, as pbinted out by Hopfield [1.24],
‘results in a mixed mode excitation called a polariton. The polariton

disﬁorlion curve is,pf§;éﬁt§d-$n figure 1.1a. Thérédﬁﬁiiﬁﬁrdb;6; ﬁﬁd;W7

gap at the crossing point resulting in .a two branch polariton

TdilptfliOﬂ curve given b;

2€oE +E

Eot (k) -E7 1.62

FE) - e

where €o is the d?oloctric constant in the absence of polaritons,

E.r is the gplittingﬁﬁbety!gn;,thg,;ongitudinal uncoupled FE and the -

coupl ed éransvefse polaritons (and is thus a measure 6f the coupling
strongth), E is the \polariton energy and Eo(k) is the energy of the
uncoupled FE of vavevector k which is equal to the trlnsvirse exciton
energy E+ plus the kinetic emergy term. In the near resonance region

Eo(k)-E <K E thé_dispersion relation can be approximately written as

fck )z €oEL v

€ J = €c + Eo(E 1.63

On the lower branch, at large wavevectors the polaritons are

predominantly exciton-like whereas at small wavevectors they are
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photon-like. On the upper branch fho_polaritohs»staft out exciton-like

e N

but rapidly béco.g photpn-liko with iﬁcrealing wvavevector.

Q The nature of th§ polariton dispersion relation has hiprofoUnd
effect on  the luminescence ;Qthnill in tﬁil‘ energy region
A £1;25,1.26]. Note that they lque? polariton branch>does not haQo a
minimum energy. Exc;ton—like polaritons can be inelastically scattered
to the lower energy photon-like rogion of tho‘d!lpersion;curv;i”ThCS(“* e
photon-like polafitons interact 'only weakly with the lattice and
rgpidly leave the crystal. Téyqzaqa (1.23). predicted that in the
'ﬁnee' region of the lower dispersion curve av‘bbttleﬂotk‘ to further e
ingléstic scattering to loQor cnergy‘ would tesult due to ;'lackf;f
sui%able phonons and. the small density of finﬁl states in the
phﬁton-like reﬁion of the disperlionﬁ curve. The exiltenco of this
bottleneck has been experimentally verified 'uith time rosofvod
photoluninesconce £1.26,1.27J.ADu0 to this bottlcnock; a quasi-thermal
equilibrium ,Of pola;itﬁﬁs ﬁﬁ;ﬁirge :;Qégblished abov; thcrknée é;gfﬁomﬁrﬂ
dispersion curve. The gfoup velocity of the pqlarjténs,rvr(l)n)dE[dk,
varies very r#pidly with energy (1.28i andphas a minimun just above
the knee of the lower polifiton branch (figure l.ib). Voldcity
dépendent scattering proégsses are greatly enhanced in this energy
region. This enhancement in scattering, togothor‘uith the low group
velocity, results in much slower di ffusion of these polaritons. .
- ;

For uncoupled FE in a diroct-gap/*;iqjconductor, no—phéé;ﬁ \

luminescence can only result if an almost stagiona;y ;xetton o!rthe e

same wavevector as light of the exciton ;horgi anmnihilates giving up

its energy to a photon which then travels unhindered to the surface to

e
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energe as luminescence. In the case “of polaritons the distinction -

between exciton and photon cannot be made, since excitations in this
energy ~region are inherently " mixtures. _.No-phonon polariton

luminescence results frén. those 'polaritqns, wvhich upon reaching the

_ surface, are transmitted as light.” This means that a thegretical
description of po{ariton luniqpiéonco becomes a transport problea

4 - .

{1.29]. This introduces considerable complexity to the luminescence

broblé. with the net resuli'thntrtho experimentally observed no-phonon

polariton luminescence line shape does not necessarily reflect the .
. 7 -

population - distriﬁdtion of polaritons in the interior of the

seliconductor."~

foo AT
t
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. o ey /
A) This is the calculated poiariton dispersion Cu(!::’lglfﬂﬁﬁl using
' %Ié . - - o,
the parameters suitable for GaAs (chapter 7) and equation 1.63. The

“_upper (UPB) and lower (LPB) polariton branches are labelled.

. \\ ’
B These are the LPB and UPB group velocities calculated from

LS

equation 1.63

st
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i

Non-excitonic luminescence lines are also sometimes seen in the

near band-gap energy region. These transitions are Qifhor neutral
3,

donor to neutral acceptor pair (DAP) recombination, or free carrier to

neutral impurity transitions. The dnordy of a luminescence photon

_resulting from a DAP recombination is given by [1.301

Eoar = Ea = (Ea + Eo) + S 164

_ where Ea, E~ and Ep are the band-gap, acceptor and donor binding

energies respectively, € is the dielectric constant and R is the pair

separation. Tho‘qppoaranco of the Coulomb term in equation 1.64 can be

'undorstoodi;by following an onerﬁy cycle. The binding energy of a hole o

‘on an 'ionized acceptor {s rcdquﬂfﬁy;tho presence of a nearby ionized
donor core adding a repulsive potential. The subsequoqﬁ,binding of an
electron on ;ho ionized donor is not appreciably affected by the now
neutral acceptor. ‘The summed blﬁ&ing'§horgy£;f the electron and hole

on the DAP is thus

.Eﬂllr.EA".'ED_—:!— i ) 1-65

€R

R is quantized due to the fact that the donor and acceptor must occupy

well—defined lattice sites. In very pure 'siaplei sharp lines

&
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corresponding to close DAP are sometimes observeds For more distant

"DAP  recombination the spectrun‘ becd.as quasi—continﬁous and the
4§bserv§d luminescence feature is a vory‘ broa& peak consisting of
cﬁntribﬁtions from many DAP of difforent separations.

Free-to—bound transitions, ‘nanoly free electron to neutral
.acceptor (A°,e) or free holo to neﬁtr#i donor (D°,h), are observed
, at a photon energy below the gap corresponding ‘to the binding onergy e
of the ' neutral i-purity. These lines are usually characterized by a
Boltzmann tail to higher energy, roflecting the initial kinetic energy
of the free parti;le, ‘Bfé:;&ed the impurity is deep enodgh'that the TTeEs
necissary larger 'uavovector cdntributionsi exist in the k-spagq '
e;bansion of the iipurity wvave function,

The EAP osczllator strength can be calculated from equation 1.41
[1. 13]' as follbus The donor and acceptor are both assumed to bind the
electron and hole rospectively “in the lS-liko hydrogonic states. 7
Furthernore, as is the case in eahl as well as the IFN conpounds o
studied here, ey meaning that the donor wavefunction is much “
more extended than the acceptor wavefunction. A particular pair is
alﬁo assunod to be isolated from the effects of other impurities.

Picking the center of our coordinate system to lie at the acceptor

core the DAP wvavefunction can be written as

Yoar (Fe,) 1) = 8al(r)) $o(re)
' 1.66

1 1 1 |
= e exp(-ru/la))( T 3573 OXP['IL!“RI/‘DJ)
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. The 'in;:qgral in voquation 1.41 éan then be approximately o;la_luat_od by
taking the donor wavefunction to be constant over !:he: whole space'
éc’worod by the acceptor u@vofunction, and equal to the value evaluated
at the accopt& core. This is consistent with the assumption that

ap)>aan. The integral thus becomes

|f‘b~r<Ln.Ln>d5rH|2 = |§pcn>[§.<r>d=r|2
1.67

= G4wan®|#o(0) |2 exp(~2R/ap) .

Substituting this into_ the exp}éltion for the oscillator s'strength in

terms of the FE oscillator strength equation 1.41, yields

foar = f.l800)/$x(0) |2 (320a02/00) (Wx/Woar) #Xp (~2R/a0) - 1.68

The extra factor of 1/2 arises because the clktrm and hole sust have
opposite spin to recombine ang_il'\th occurs, on average, in one half of
the cases. Note, in parficul;}, the strong dependence of the
oscillator strength on the pair uéantion R. The oscillator strength
decreases e/xpomntulﬂly with incr;\iggg pair separation. This has
profound implications on the time rml\;gd spectra of a DAP band. The
observed peak of the DAP band shifts to lower energy with increasing

time delay after excitation since, at long delay times, only DAP pairs



\

with large R have failed to recombine. This is the characteristic

signature of a DAP band.

The free-to-bound oscillator strength can also becalcﬁlatod'

-along the above lines. The pair onvolopd wvavefunction appearing in \o

integral of equation 1.41 is in the case of a free hole and"a bound

eloctron

Yollile) = $e(rn) So(rn) . : ,
é ’ N - 1-769\~

= (-_«IN- oxp(lrn-)) ("‘ﬁi?/—z_ "‘9("/“"))

Choosing the core of the donor as the origin”fhe integral of equation

1.41 becomes

i/

[¥strere) = 8(; ) (,,) (1/a.,t+qt) 1.70

From this res‘ult one can see that the integral, and hence the

oscillator strength, decreasgs rapidly with increasing q particularly
if the impurity wavefunction is diffuse, i.e. ap saall. This is the
factor tﬁat causes tIu characteristic Boltzmann tail of fru‘-to—hm
transitions to be .cut off for very shallow hound states. Tﬁo largest
oscillator strength is- ;btainod for q=0, for which case the tnhﬁni

of equation 1.70 squared becomes p
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) 'I“"‘U!U"z' mg:)alz - o , . 1.71

N

Here ma is the electron effective mass and Ep the donor binding
energy. This result can be inserted in equation 1.41 with some

modi fications. The oscillzior strength so obtained must be multiplied

by the total nusber of neutral donors in the sanple NAV; uhere No
is the neutral donor density. This is necessary slnce the freo
particle is totally delocllizod and can interact with all inpurities
at once. The frfo hole to noutral donor oscillator strength is thus

given by

fre = NoVf, 2 |fbrnlre, pordora |t
1.72

T = —BAWRT -
|’x(0)|’ﬁo N(n.Ep)a’z W

No

The analogous result for. the free electron to neutral acceptor
oscillator strength »lg obtained from equation 1.72 by replacing ma,
Ep and No by my, - Ea “yhd Na: The factor of 1/2 that occurred

“:

in the DAP case is cancelled here by an extra factor ofi2 arising from

_the fact that a free particle, being totally delocalized, does not

impose a partiéular polarization on the emitted light and can coupl§
to both polarizations unlike the other cases discussed earlier. This
result is identical to the result quoted by Pankove [1.31] when

rewritten in terms of the averaged band-to-band latrixvqlonont instead
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" of the FE oscillator strength.




The extension of spectroscopy into the time domain can yield

valuable information on the interactions of elementary oxcifatiqns in

solids [2.1]. These interactions typically 'proéé;dﬂaﬂ”iiﬁita;;coﬁd
time  scale, and hence have only recently poon experimentally
accessible. Time-resolved Iluminescence measurements are sdiotines
pﬁssiblo without pulsed laser excitation by sinusoidally modulating
the‘ laser output and weasuring phase shifts, with respect to the
excitation, in the induced luminescence £2.2,2.31. This method is
essentially limited to single exponential decays and the resylts are

thus easily misinterpreted.

o

provides the means of rolinblyr generating picosecond and
sub-picosecond pulses for use in tiao—rololved~rspectroscopy.'Hith'/,f~
pulsed lasers, non-linearities in the luminesmcence intoﬁsitiog can be
enployed to generate correlation functi&ns [2.8-2.101 which yield time
infor-atiﬁn even without fast detectors. This ‘technique is in
principle -sinilar to the second harmonic generation method of
dotoriining‘ the laser pulse width described fn locfion 2.8. A simpler,
more reliable method is» the use of pulsed lasers and;fdirect
measurement of the decay of the luminescence with time, Currently, the

best time resolution (<10 ps) is obtained with streak cameras

£2.11-2.13), but photoiultipliors are rapidly approaching this time

N
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resolution [2.141 and “in addition have much better dynamic range and

- . _
The advent of model ocked laserqund'qoncurrently. the development

‘of fast photomultiplier tubes and streak CII;YII, has enabled the

3 .
direct measurement of Iluminescence decay to be pushed into the

picosecond regime. This opens up the possibility of experimentally

studying' the dynamical interactions of eieqentary"excitations in

solids, A survey of experimental techniques and applications of
ultrashort light pulses has bheen given in several recent publications

[2.15,2.16].

%



2:2 MODELOCKING

A laser resonator pllceslrogtrictions on th§ alldu;d wavevectors

gf th§ 'light ingasing modes. An electro—nagnetié wave corresponding

to an alloved mode wmust have ekactly the same phase aft@r one rounﬁ

\\;\\\\frip through the IIICT cavity t2 171. Consider a cavity consiasting of
plane -irrors soplrltbd by a distance L. The above criteria;is thus-~~~4nu~fﬁf—

expressed mathewatically as ) —_

kA = 2um | : 2.1

¢

where k is tae wavevector of light, i.e. the chﬁnge of phase witvh
Vdistance, and ®» is integer. Each of the’ ’v;lﬁes of k abov.e i
“corresponds to an all&nd axial laser mode. In an i;'lhonqgeneously
broadened laser many of fth‘osiem,a;iail nodes Vi’ll ﬁmerally beraboiver
thr-ﬂhold and las; simultaneously [2.18]. The number of such modes can
| be ve;y large due fo the close spaﬁihg in frequency given by
& c c

of = o = 2w{€ -~ 2LIE
’ |

In the ~1.5 ® long cavity of an argon ion laser the wmode spacing is
thus * ~100 !ﬂz, and tho number of participating modes within the ~3 6Hz / B
Dogpler broadened bmdvidth is about 30. In a sililarly dimensioned

dye laser the bandwidth is much larger md thousands of axial modes -
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: - B ) ™ o
can participate. For a laser operating in the TEMoo modie eaning

‘that the intercavity .electric 'field depends only on the axial”

;pbrdinate x,‘the allowed cavity iodbs are standing vaves of the form

Em = anéos( ':x )cos( 'ECt + i.)A - : : . 2.3 

‘Fbcusing our attention on a particular point in space, the time
dependent electric field can be written as a sum of contributions from

the different axial modes

. n
ECt) = Re (JEnexpl(uo + a)t + $u]) 2.4
n=-n

where uwo is the angular frequency of the center mode, 2 is the

angular mode spacing frequency and #w is the phase of the mth mode.

For simplicity each wmode will be assumed to be of equal liplitudo

Eo. A common factor can then be extracted from the sum leaving
N

ECt) =.R0(Eoexp(«bt)(§exp(-ﬂt + s)) - 2.5
- m=en

This has the form of a carrier vave, at the center mode frequency,

~

modulated by the sum term. Normally the phases of the modes change

—

randomly ~ and  the resultant field fluctuates unprodictaﬁiy. 1f,
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however, the phases can be locked féggthp( £2.19]1 such that

$usr = P =8 - o 2.6

~ ——

-~

where ¢ is a constant s, becomes m¢ and the sum in equation 2.5 -

becomes a geéometric series which can ea;tly be summed to yield

= ) ] i . e -

sinf(2n + 1)(Qt + ¢)/2] )

sin(Qt + #)/21 , " . 4?m2'7

CE(t) = Eocosubt(

‘The power output, which is proportional to the electric field

<

 amplitude squared, of such a laser is thus . = ' ) [

sint{(2n + 1)(Qt + #)/2] )

sintC(Gt + $)72] 2.8 .

L
P(t) = §1ceoEot(

vhere T is the transgisfion of the output coupler and €o is the
Vacuum >di;lectric constant. The factor 5f 1/2 arises from averaging
over %he very ’fapid oscillations of the center froquohcy. The time
origin has been chosen to eliminate the constant phase factors.
Several intoresting conclusions can immediately be drawn from this
result. First, it is periodic with period rv=2x/Q which, through
equation 2.2 ¢a% be seen to be the round trip time of Iﬂ'optftli pulse

in a laser cavity of length L. Second, the power is concentrated in

short pulses occurring at times when the denominator in equation 2.8

&
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- is zero. The limit of equation 2.8, for t tending to jr, uhorQ‘J‘1s

any integer, gi

P(t) = %Tceoeouzn + 12 = %‘TCEoEo'N‘ , 2.9

ST

vhere N=2n+1 is the number of participating modes. In contrast, for N --

modes with random phaies, the power is obtained by summing the povers

in the N modes thus obtaining

P(E) = %choEofN | | 210
. T . ) . :

Thq wmodelocking . thus causes a peak power enhancement proportional to

the " number of pizticipnting modes. The pulse width, taken as the time

between nodes, cjn Bérrfoﬁ;d”'BQVVidbking at ohl} the numerator in

equation 2.8 siné&, if the number of participating modes is large, the
numerator changes much wore vrapidly than the denominator. The pulse

width is thus equal to the period of the sine function in the

-
IS

numerator
=

4

M = 20/N = 2w/t | 2.1

14

" Heve & = NQ is the gain bandwidth of the laser. The pulse width is

thui_ inversely proportional to the available bandwidth. This is_ just .

e
\ .

/

Y,



o

the usual

- should be

mOdel ocked

repetition

- | ~ PAGE 47

statement that the product of gh!tin and frequency spread
of order 1. The exact vilue\ depends on the pulse shape. The
“laser thus operates in an intrinsically pulsed mode, with a

rate set by the round trip time of the optical pulse in the

cavity. What remaing to be seen is how this locking of phases can be

achieved.

¢

/
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2.3 NETHODS OF MODELOCKING

 Ealt) = Euofcostunt+sn) + OB (Wt t+outd) +

Modelocking is achieved by modulating the laser gain, or loss, at
the pulse round trip frequency Q [2.20]. Assume that a laser, vhich is
lasing on one axial wode, is wmodulated at the round trip frequency by

a sinusoidal function of the form
M={1+ fcos(t + §) , 2.12

wvhere §, the wmodulation amplitude, is <1 and § is the phase of the

modulation. The resultant field, at the modulator, is thus

. Em(t) = MEMmoCOS{tint + #)
.. 2.13
= Enoll + Scos(Qt + §))cos(ua.t + #) S

With the help of a trigonometric identity, this can be rewritten as

5 ot (D teo-))

2
2.14

= E.o(cos(u.f+¢.) + %co-m.ﬂt + uer) + i‘,’co-(u._tt + ‘_,_.,)

The phase of the sideband, relative to the fundamental, is a constant
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$oor ~ = & T 2.15

fixed by the phases of the fundamental and the modulator. This is

precisely the modelocking condition of equation 2.6. The sidebands,

bheing allowed axial modes, are amplified by stimulated emission and in

turn generate sidebands of their own, until all the allowed axial
modes under the laser gain profile osclilafe; The phases of all these
modes ate now related thrbugh’ iquatlon 2.6. The modes all transfer
energy amongst each other and fhls prevents the phase of a mode from
drifting, since a reference phase is continually being supplied from
the mode’s neighﬁours by this energy transfer. A wmore rigorous
discussion of modelocking can be found in YariQ t2.lei,‘but no gfeater
physical insight into the nodqldcking nochanisu¥is gained.

| The ‘Od“1¢ti°“r,9f,m?h9 lager gain ‘;" be achieved using a

"saturable ahlorber,,‘i Pockels cell, or an acousto-optic device near

one of the cavity mirrors. For the Argon ion laser—usedrin—this work,-

modelocking was achieved uith an acousto-optic modulator driven at 1/2
of the cavity mode spacing frequency of 82 MHz. This establishes an
acousflc standing unvecln the crystal, proyided this frequency is also
an acoustic resonance of the iodulating crystal. The crystal resonance
frequency can be temperature tuned to exactly 1/2 of the‘nodo spacing
frequoncyr A wethod of locking the crystal resonance to th;?drlve
frequency by actively varying the RF power supplied to the crylf;iiis
described in appendix 1. Such an ;rr;ngenont~ ensures that a good

standing wave is alvays present, a necessary precondition for reliable

/
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modelocking. Whenever the acoustic wave anplitudé gooi,through zero

(twice per cycle) 'thé transaission through the cell is at a maximum.

At other times, ‘soib;of the light is &iffractod out of the cavity by

the aéoustically induﬁod rgfractive index grafing, thus prdduciﬁﬁ some

loss. This toéhnique of modelocking a CH. laser by ,0xt§rnally

ﬁodulating the gain at exactly the cavity round trip frequency is |

called active modelocking: For an argon laser, which has a bandwidth -~
of approximately S Gz on a given laser transition, it is possible to

| generate pulses of width ~200 ps by this method.

The discussion of modelocking so far has been confined to the R
frequency “domain. Modelocking can also be understood in the time
domain. Here one imagines a fast shutter in th¢ laser cavity near one
of the end mirrors opened for a short period with a rcpefition rate
equal to the round t;ip time of a pulse in the cavity. Only a pulse
vhiﬁh arrives vat the shutt;r vhen it is open can be sustained. The f
ﬁulse can,. however, Wg;r;db;fnﬁ£iiiiyrshorter thin tﬁe lenﬁthié} fi;eirm
the shutter is open, but fhis is harder to undbrstlnd in tpis picture.
Fast turn off can be readily understood, since the inversion can be
deﬁletod after passage of the lqrge pulse. This cuts off any trailing
vings. The origin of the fast turn on is however not so obvious. An
actual shutter can be constructed using a cell containing a saturable
absorbing‘ dye. A large bplse bleaches the dye and propagates through
it without lu;h loss. Subsoqgont saaller pulses arriving after the dye
has recovered are unable to bleach the dye and are thus strongly

attenuated. This loadg to a 850 calied passively modelocked laser.

Both descriptions of nodelockiﬁg are formally identical to each
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other, but ggftain aspects of modelocking are easier to understand Ln’*“//

either the frequoﬂcy or time domain. Both poihti of view can be

intorchangoably. A “laser is said to be completely modelocked when al]

the axial lasing modes are locked together. This results in a train of
pulses, whose width is said to be transform limited, vith ayropotition

rate set by the cavity round trip time. Such a laser provides an ideal

source for timge-resolved spectroscopy on a ns or ps time scale. -



also be understood in the frequency domain. The dye laser gain is
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An actively modelocked ion‘/;:::r can be used to synchronouily'A

v

pump a dye lasor;\;uhich‘uill then automatically also be nodol&ckod,

provided the dye laser cavity length is precisely matched to the pump

laser cavity4 length [2.21]. With' this geometry the circulating dye

laser pulse arrives at the dye jet just aftdrfthofpu-pfpul:efha|4~v*vw~——f;f

brought the dy§ to threshold. This can result inroxtrouely short
pulses, sinde the leading o&go of the pulse arrives at the dye jet
wvhen the gain is still below thrqshold, vhereas the triiling edge R
arrives after the pulse peak has depleted the inversion, thus putting
the gain below threshold [2.22). The peak of the pulse is thﬁ:
anplified, uhii; the skirts of the pulse are suppressed, resulting‘in
pul ses lubstantially shorter than the pump pulses, provided the

necessary bandwidth exists. The process of synchronously pumping can

modulated by a train of pump pulses rather than a sinusoid, but
because of its periddicity,f the modulation can be expressed as a
Fourier sum containing only contributions of frequency an integral
multiple of the cavity axial mode lpacing frequency. The situatibn is
thus as in the previous section, except that a single mode now
transfers energy to a wvhole host of neighbours, rather than Jult its
nearest neighbours. In any case, the modes are again locked together
in phase and bocauso—o; the large available dye lisoribanduidth, this R
can result in very short modelocked laser pulses. Pulses shorter than

. ? v
100 fs [2.23,2.24]) have recently been achieved. Adding a tuning
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u ¢ \ ) )
element to the dye laser allows the generation of tunable modelocked

pulses at the expense of pulse width. A spocfral width of 0.3 nev;

which corresponds to ~125 6Hz, results in a transform limited pulse
width of order 10 ps. This spectral width is narrow encugh to allow

resonant excitation of particular exciton luminescence features, while

still being short enough‘to be considered a delta function excitation

pulse given the time resolution limits of'”ihé"&}idéifoﬁ"'iiiiiif””’ﬂw:

eiployod in this work. A synchrondusly pumped dye laser system as
described here is thus c‘pable of delivering a continuous train of
, tunable, modelocked pulses, of spectral linewidth 0.5 meV, time

duration ~10 ps, and at a repetition rate of 82 MHz.

L



The pulse repetition rate of a nodgldckod lagser is met by yZo
cavity . length and is thuqrnot easily variable. The modelocked ldle;
used in this work has an 'infrinlic repetition rate of 82 Mz
corrosponding to a périddifﬁqtheeh bulsolr of 7~l2”'hs:ﬁ"iEi;i is

inconvenientlyr short when nfasuring the ~docay:yof a system with a
lifetime in the ‘ns range, since the next lanerhéLlso arrives hefore
the luminescence has a chance to deciy completely. A method of
louefing the repetition rate would thus be desirable.

This can be done by replacing the partially tranlnitting'oﬁtput' 7
mirror by a totally reflecti#% one and placing an acousto-optic
 deflector crjstal, called a Bragg cell, in the laser cavity at a beam
vaist near one of the end girf}qr,,s- ’Qutput coupling is now achieved by
launching a short acoustic vave in the crystal, wvhich deflects a part
of the poa-' out of thorcrystal by'é;ajg diffraction £2.25] from the
induced, transient réfractive index grating. Bragg diffraction
foicioncios can be very large (>70%) [2.25,2.26] and thus most of the
intracavity energy can be dumped out of the cavity in one pulse. Bi
synchronizing,.the ’cavity dumper driver and the modelocker driver, th§
tiling of the applied acoustic vave‘ can be adjusted so that it(is
launched just before a wodelocked pulse arrives at the Bragg cell.
Thus, prﬁvided the acoustic wave has travelled ocut of active region

impinged upon by the light before the next modelocked pulse irrivos,'

only one pulse is ejected from the cavity. By this method, pulses can
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be ejected from  the laser elv%ty”'Itf'lffliffEOFFQIpGﬂd%ﬂg—te—In

arbifrary submultiple of the intrinsic, modelocked reootifion rate. An

added bonus of cavity donping is groator_.poak power. This occurs
because of the increased cavity ﬁ at times vhen there is no Bragg
deflection, thereby allowing the oodolockod pul§§J€£ build up to a

greater lntenslty.

One inportont parnletor charactorizlng cavlty du-por perfornanceﬂrﬁ

‘15" the tral\lng pulse (the next nodolockod pulso) suppression.
\

Typically, a ‘;oo-orcial cavity dunpor is specified as havlng a

trailing puf?; suppressed by a factor of order 300 [2.,26]. These

trailing pulses can still appear as annoyingly largo peaks on a

" logarithmic scale (figure 2.1) and can interfere with lifetime fits to

the data. The trailing pulses can be further suppressed by following

the cavity dumper with a »PoCkols cell, triggered to cut off

tranlnlsslon right after tne iain pulse has passed through. Only the

cut off of transnlsslon neods to be “rapid, the bulldup to full
tronsoission need be only fast enough so that full transmission is
restored boforo the next cavity dunpod pulse arrives. The noxlnuo
;ovlty dumper repetition rate is 4 MHz, thus fu{l transaission sust be

restored in 230 ns wvhile transmission must be cot off in 12 ns; These

| roloxod Pockols cell drive require-ents can readily be achieved by

simple clrcultry, as described in appendix 2. The result is deptctcd—

in figure 2.1, which shows an'additlonilésuppreioloh of order 100,

resulting in a total trailing pulse suppro;slon of ordor 108, A\

This completes the description of the synchronously punpod

\

cavity dumped, nodolockod dy® laser used in this vork as an excitation -
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source for the time-resolved spectroscopy of mlconductort. A block . ’
diagram of the complete system is shown in figure 2.2,
i -
— N
| . &



CAVITY DUMPER ONLY

 WITH POCKELS .CELL

LOG COUNTS IN DECADES
X

0 10 20 36 40
- TIME IN NANOSECONDS -

Figure 2.1

Top curve: output of the mode-locked cavity dumped laser system at

N 600 nm and a 4 MHz repetition rate without thé modulator as detected

by the Varian photomultiplier tube described in section 2.6. The main -

pulse and three trailing pulses are shown. The markers along the
vertkcnl axes represent decades. -
Bottom curver as above but' with the Pockels cell traiiing pulse

suppressor added.
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MODELOCKED
LASER SCHEMAT!C'

S

modelocker
_head , Ar ion laser
‘ cavity dumper dye laser .
; | p S— - E ===
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to experiment
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This is a block diagram of the synchronously pumped, cavity dumped dye
= . \ . I
laser system used to generate tunable, picosecond laser pulses.
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Pﬁotoluninoscence- lifetile noasureuent: can be made with a
technique borrowed from nuclear physics called delayed coincidence
~ photon counting. Figure 2.3 'is a schematic diagrah of. the data

collection system. The time measurement is done by the TAC or

time—to-amplitude-converter. A start pulse to’ this device starts a

voltage ramp which ramps ub until a stop Qulse arrives. The terminal

voltage is then clamped and appears as a pulg§ at the oufput of the *

TAC. The output volfage is thus proportional to the time difference

between the start and stop pulses. Renarkably, the time resolution of

a good TAC is less than 10 ps‘t2.27]. The output of the TAC is then
digitized 7y an. analog to digital converter and sent to a computer.

The coibuter thus receives .8 numsber corresponding to the time

difference between the start and stop pulsos for each pair of«pulses. v

<"fThe couputer interprets this nusber as *n address in a memory bank and

incre-onts the “number at that addresq by one. After collecting many

such numbers, a histogram of the luminescence decay is built up in
ReROTY. ‘ ‘ h

Tgé luninoscenke from the sample, after being analyzéd by a
" “spectrometer,  is detected by a photomultiplier tube op.ra%ing in the

photon counting wode. When a photon is detactod, the resulting

photomultiplier current triggers the constant fraction dilcrglinator,/

and a stirtrpullc is generated and applied to the TAC. The stop pulses

are generated by sampling a portion of the exciting laser beam with an

avalanche photodiode the output of which is fed to a second constani

I</‘*‘\\
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fraction discriminator. The stop pulses are aolayed with a long

coaxial line so that they arrive at the-TAC.sonetino aftor'tho start
pulses. The stop rate 1; the same as the laser repetition rate whereas
the start rate is much lover, since a lunino:é;hco photon is not

> : ‘
— — detected for every laser pulse. This choice of stnrt and stop is muc

more efficient than the more intuitivo reverse choico sinco tho

- has a reset dead time of" ~10 ‘wa after each start pulse initiated

cycle. A high -start rate, ﬁbrresponding to the repetition rate of a

D

-1“"nodolocked laser{ vould result in the luninosconco stop pulsos

//_"\

ovorwheln:ngly arri;:ﬁﬁ dur:ng“thig reset tine ‘and hence being uasf;d.

—

In the reverse arrangenont enplgyed here however a TAC cyclo is only

~

™~ /
initiated when a luminescence » ﬁhoton.»i:\,dgtectgd; thus each’ -

luminescence photon contributes to the histogram of the decdy. The

luminescence count rate must be kept low eﬁbugh th.t the probability

of detecting two luminescence photons per laler pulse is vory~ibv
[2.28,2.29]. \This is necessary since the above nethod can only process |

- one photon pe cyclo, ‘and distortions ‘of the ¢lta,wou;d roqult 1t .,7

significant number of photons were missed. Practically this means

keeping the luminescence coﬁnt‘rdto a factor of 1000 or so below the

laser pulse rate. This data collection scheme is ideally suited for

modelocked laser excitation since the high ropotition rate of such

lasers allows a histogram with good signal to noise to be collected in

a short space of time. Typically, a decay can be collocted in about 10

minutes or less.

“ The overall time resolution of the above system is limited by the

response time of currcn%ly available photomultipliers. Two differtqt



photo-ultipliers vwere used in this uonk One, a Vhrian VPH159n3, has

an instruuental half width in respon to a train of modelocked pulses

of ~250 ps uhereas ‘the other, a ﬂalganatsu' R1294U-01, has- an

instrusental width of ~130 ps. The Hammamatsu tube has a long

wvavelength cutoff around 800 nm and thus could not bevusedytoz the 8i

and GaAs work. The Varian tube on the other hand, has a long

wavelength cutoff around 1.2 sm as wvell as greater dynamic range and . .

lower dark count. If the observed lifetime is of the saie order of

magnitude as the instrument response one must remember that the

-observed decay is the convolution of the true luminescence decay with

~ the instrument response. The true lifetime of the luminescence can

then still be extraétod with a deconvolution procedure. T?is is the
subject of agpendix 3. With deconvolution, lifetimes as short as 30 ps
with the Hammamatsu gtubi§ and 100 ps Qith tﬁe Varian tube, can be
reliably extractod. |
Better time resolution is possible udfh a streak camera
£2.11-2.131, but with reduced Qénsitivity and dynamic ‘fange. The
described instfumentation, with its high sensitivity and adequate time
resolution, is' optimum  for studying exciton phenomena in

semiconductors.
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hil}og}lu of the luminescence decay at the wavelength of the

spectrometer. R C uoul& be desirable to have whole spectra

corresponding to different time windows. Such a set of spectra shows
the ovolutIOﬂ'of'tho~|pectfal'!éathrosfwithrtine. Thisrtl—particdlarly—mf~w4—f;
useful if the wavelength peak of a luminescence feature shifts with
" time, such as with a DAP band. Such a set of\sp@ctra is also useful

for locating replieqs of the principal transitions, which must all

decay at the same rate. By operating the whole data collection system
under computer control, the collection of a set of time-resolved

ipoctraw can be realized. The computer collects a histogram of the

luminescence decay at a given wavelength for a timed interval. The '

total number of counts in all the histogrammer channels corresponding

. - . ;,e o - e e - - . R - e
to software-set time windows are summed, and each sum is stored

4

.separately in a page of lﬂ!ﬂ%’ After this task is accomplished, the

hiltdgfnnnérA is cloarod and the spectro.etor advanced to the hoxt

vavelength location. With the present softunre, up to 8 time vindows

can be set and thus, up to 8 time-renol ved spoctra can be collected
\

sinultanoously. The JlEin\c1nAb0‘ropeatod an arbitrary number of-tiuol
and the result averaged. \§inco all spectra are collectod at once,
rather than sequontially, there is- no chance of a change in

experimental conditions for quctra corresponding to different tine

wvindows. A schematic of the conputer sxlton is shown in figure 2.4.

The time correlated photon counting technique results in a .
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“Block diagram of computer used for experimental control and data
acqutsltibn. During time-resolved spectroscopy each of the indicated

pages of wemory contains a |pgctrun corresponding to a different time

wi ndow. ; -
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The delayed coincidence photon counting ditg acquisiti thod
of section 2.6 in conjunction with the presently lviilaﬁig\\
photomultiplier tubes does not have sufficient time resolution to \

determine the laser pulse widfh. To determine the pqlsQ wvidth directly /

/

a streak cqn&rn is ﬂﬁédid;ibUf71ICkiﬂg;thlty the ﬁ&i§é3§id§hjgghfitilf:w"'
be determined wi%h an indirect, non—lin;af technique [2.30,2.31]1 based
on second harmonic generattbn.[2.32]. A block diagram of the NeCeEsSary
apparatus is shown in figure 2.5. The laser pulse is split into two
equal pulses byJ“n beam splitter. These pulses then travel down the
arms of an interferometer, one 13; of which’'is of variable length. The
pulses are then recombined at the beam splitter and sent through a
non-linear crystal. The resultant second harmonic ultra-violet (UV)
light pulse is sent through a UV pass visible cut filter and the
intensity of the W is detected by a photomultiplier tube. The amount
o} UV generated depends on the spatial overlap-of the pulses inside
the non-linear crys;al, An autocorrelat!oﬁv trace can be formed by
poriod!cally varying the path length of the‘variable inter ferometer
arm and displaying the resultant UV‘intonsity on an oscillqscope. The
resultant trace is an average of a very large nh.ber of liser\pulses
vithl a slowly varying overlap. The 1ntens;ty of the the second
harmonic ~ generated by the two equal amplitude pulses is proportional
to the time average of the fourth power of the electric field inside

the non-linear crystal (2.31]
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[N W

- “ . . . s i : ’
T 2w, T) o <I(E(.~t):,1nz.*}(5(¢»t+r);in!u(t+f)}dr> 2.16
- - A »

Here the quantity E(w,t)2=I(w,t) is the intensity of one of the input
: : _ . ) /

pulses‘ at the fundamental frequency. v = c/AL is the tine-difforoﬁco .

in arrival of the ?up pulses at tﬁé’non+linearrc}jsfii”&ﬁi'fﬁﬂdfbifﬁq

difference AL in the intorforonctor. The triangular brackets signify a
time averige long compared to the pulse duration and repetition rate
of the laser but short compared to the rate of change of 1. With the

aid of trigonometric identities equation 2.16 can be written as

1(2w,7) < 62(0) + 262 (x) + R(T) , 2.17

wvhere R(1) contains very rapidlj’vnrying terms corresponding to the

interference fringes. This term is not observed in experiment [2.311

and can be ignored. The autocorrelation function G2 (1) is given by

S~

/

B (r) = CICOICE + ¥>. . | 4-18

G2(w) = O for pulses, thus fro- equation 2.17 the contrast ratio,
1(2w,0011(2w,®), is easily seen to equal 311. The width of the
autocorrelation trace is approxin@tely equal to the time width of the

laser pulse. The actual rolationqﬂ}p is determined by the pulse shape

«
L)

1
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t2.30],77bgt for practically 'd@g;;qd;;c;urncies can be t@kon as one.
The aufocorrolation trace is useful for determining the oxtenf of
wmodel ocking. Tvo ‘traces are  shown in figure 2.6, a) represents an
inconplotelj -odeléckedr pulse train and b) a co-plefolyinodelocked
pulse tr;in. The large spiké_lh the middle of figure 2.6a co;rosponds

to exactly zero path difference, wvhere all the noi se fluctuations are

spatially lupéfinpoieﬂ> in the non-linear crystal, leading to an

anomalously large UV output. In a completely modelocked phlse‘train
these noise fluctuations caused by randomly varying phases are absent
since all the phases are locked, (section 2.2) and this coherence

spike is therefore not observed.

”"
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3.1 _INTRODUCTION

" Bilicon is an indirect-gap semiconductor; and should according to
<

the discussion in chapter 1| have its BE decay rates dominated by the

obscrvod luufnoncence decay rates are thus indicativo of the Auger
v ratcs.-{h' nunber of studies of Auger Pprocesses in silicon havo been
| undertiﬁ both experimental and theoretical (3.1-3. 31. rmn studies

‘are in good agreement and shou a rapip decreasc in BE lifetime uith

W-udiative Auger  mechanisa (section 1.4). The ‘experimentally

——
»

in&reaging binding energy. This <an b0~qua11tativelyrundosstoog in‘—

terms of a gre&ter spread in k-spnce for the more localized excitons,;

resulting in a-larger overlap with possible free particle final states

and hence, a larger Auger decay rate. Schmid [3.1) hll doducod an

empirical  power law relationship betuoen binding energy and Auger

decay rates of BE in Si. For acceptor BE,
Ta « E;““ | . : 3.1

and for donor BE

« Ep=®-* ' . | ' . 3.2
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_where E. and Ep are the acceptor and donor binding energies,
respocfiveiy.i The agreemnent with the —4.0 exponent derived for a crude

BE model in section 1.4 is guite re-arkablc.

%

Recantly it has been suggestgd& that the effective mass

‘approximation (section 1.1) underlying tH& theoretical calculations of =

the BE lifetimes should break down for deep centers [3.41. This uo&ld

‘lead to much longer BE lifetimes than uouid‘bé @xpééfé&m%;sdﬁairect

extrapoiation by wmeans of equatio‘L 3.1 and 3.2 fron the results for

shallower coﬂters, This proaptod thc measur emeiit, for the first time,_

of the Bgr*ﬂocay times for Tt and Bi, respect!vely the deepest simple

acceptor and donor in 8i. For the 246 meV deep T! acceptor;

2

extrapoliting “from In (154 meV), using relation 3.1, and an In BE .
2 lifetime of 2 4° ns yields nn expocted BE lifetime of 280 ps- On the

basis of the neasurod T! oscillator strength and luminescence -

jcfficienéy (soction 1. 2 and 1.4)  the T! Auﬁgf decay. rate had

previgusly been estimated to l!:ﬁ/?gﬁyncﬂ 75-300 ps [3.51. The
measured result is 270 & 50 ps, iff good agreement with both of these

/ prod!ctions. ‘Thus the effects predicted by Jaros et. al. [3.4] are

[——

: appar-ntly not inportant for the T! BE.

| Using a value for the Bi binding energy of 69 meV - [3.6] and )
relation 3.2 to extrapolate from. As (BE 1lifetime = 183 ns, ‘donor

bind!ﬁg energy = 53 meV) [3.1] results in an expacted Bi BE lifetime
of ~60 ns. The measured lifetime was, however, only-8.6 ns, 7 times
than expoctod indicating that the siiple thoorygyé?”ﬁiih

: (30c€10n 1.4) load!ng to equation 3.2 is not entirely applicable for

. " deep donor 81. e R -
- «‘l + ) T ' " \ - - ‘
‘ * L - -
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2.2 EXCITON KINETICS
Neglecting saturation .effects, meaning that th§ number of blr§
binding centers is ‘nodligibly affected by the free exciton (FE)
. concentration, the FE decay ;ﬁ g!@é by
{f‘/’/
|
gﬁ%ﬂ_ = - DEx_ _ T Prp 3.3
. To Tre
where nee is the FE concentration-and llr;g is the FE capture rate
by the “impurities. 7o is the radiative decay rate of free excitons
which is of the order of ms in 81 [3.7]. The free exciton capture rate
on the other hand is very }ast, on the order of ns, even for lightly
doped sanples' (10*® impurities per ca®). The radiative term in 3.3
is - thus totally negligible in comparison to the captur§ term. Equation
. 3.3 thus simplifies to . ' ] B
dﬂr:- _. Nre ‘
d.t; / = TFE 3.4
The BE concentratien, nee is similarly given by . ' .
dnpg_ , ¢ Nem _ Nes - T 3.
dt Tra ‘l'pg -
! , - . ' o : L
vhere ‘1/Tee is the decay rate for the BE and K is a constant factor’
: . N i . »_,r - 1

»

s -
. - <
- . . - .
\_) . I : S
° - -
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£

/

less than unity which refleetsrthltjyhoﬂpa#ttcularMBEWoifinto:estgnay
not be the only available decay channel for the FE, i.e. there could

be other impurities which bind excitons. Since the sample temperature

is very 1low (T < 4.2K) and the exciton localization energy is grentgr},~ 
than. several meV, a term corresponding to thermal évaporitlon £3.7] of

| BE need not be included. The seg of equations 3.4 and 3.5 can be

written in matrix form as

_ [/t O |
Ven ( K/tra 1/T ]ﬂ | | 3.6

The general solution is of the form [3.8]
net) = mexp(rt) = 3.7

wvhere r and the constant vector m have to be determined. Substituting

: . ,
this into equatiom 3.6 and dividing out the exponential term yields

" the algebraic equation

-1/ Tem-r 0 ’ '
( K/Tex 1/Toa~-r ]" 0 " i 3.8

The eigenvalues, r, are found from the secular equation obtained by
setting the determinant of the coefficient matrix equal to zero

yield!ng



fi = =1/1re & Tz ® ~1/Tea - 3.9

The eigenvectors, found by suthityting the above eigenvalues in
. - - N

equation 3.8 are

The general.solution of equation 3.6 is thus

w

n = Camaexp(rat) + camzexp(rat) | 3.11

At t=0 n = (nre(0) 0) and hence the constints c are determined to be

cz = Kc; = Knra(0) ——BE— - 3,12
. Tor — Tre _

Writing the general solution equation 3.11 in. scalar form and

substituting in the above values for the constants c results in

Nra(t) = nra(O)exp(~t/Tre) : 3.13



for the FE populafioq‘ind

nea(t) = Knpe(0) ———T""— [exp(~t/Tog)-exp(~t/Tra)] 3.14

" for the BE population. The BE luminescence intensity, which is

~ proportional to the number of BE is thus of the form

Inx « exp(-t/7a4) - exp(-t/r.) = . e 3.15 .

" Here T4, the decay time constant, is the longer of Tru and Tee,

and T;)' the rise time constant, is the shorter. Thus if the sample

is heavily doped, resulting\HEb ~a very short FE tfapping,tiqq; the

measured luminescence decay will correspond to the BE lifetime. In

this case the luminescence riq; time gonitant will correspond to thei :

FE lifetime. "If, on the other hand, the impurity concentration is

relatively light, the FE trapping tingf.ay well be longer than the BE

lifetime. In this case the luminescengéw%rise time constant will

correspond to the BE lifetime and the luminescence decay time to the

‘FE lifetime. In a lightly dgpod sample, high excitation densities -aj

&

saturate the FE decay channels, in vhich case the rise and fall of the

luninescence will no longer be dcscriied by vSinlQEQXPQatﬂfilll.

' Nevertheless, the picture remains qualitatively the same with the rise

time related to‘ the BE decay tin;randvthe fall. corresponding to the
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7hdocgy of the FE population. Thisfsituntionfcangusuailyuhogtncognixod'»i :

by a non-exponential decay curve as well as by an excitation density

dependence of the photoluminescence decay curve characteristics.



The  measurements wvere done using the cavity dumped, modelocked
dye lasor d&:cribod in chaptér 2 operating at 600 ﬂl with a 4 th
'ropotition rato and a <10 ps pulse width as an excitation source. The

samples wvere -ountod in a liquid He immersion cryostat allouing

obuorvafionsl at tinﬁorathros between 1.8 and 4.2k. The luminescence

wvas detected using a fast photomultiplier (Variam VPM-139A3) operating

in a photon counying mode as discussed in section 2.6.

The temporal instrument rospon§o vas found to be wavelength

dopondent, with the response time lengthening as the long wavelength

cutoff "of the photomultiplier is reached. At vavelengths corresponding

to near gip luminescence in 8i, the response time of the Varian

photomultiplier used here is considér:bf; longer than the temporal

response to visible optical pulses quoted in section 2.6. The response.

time of the photomultiplier at the T2 BE wavelength vas ggﬁerinontally

dotorn;nid by parnié&r{birly generating photons [3.9-3.111] at'théle N

vavelength fro‘ 'thok 600 nm modelocked pulse train, using a nonlinear

cryntal., The total systih roi;ohlo vas thus determined to have a

 risetime of 70 -ps, a FUH ofiqbout.soo ps and an exponential tail with
. I‘ll, tii; consfant Bf 330 ps at the wavolength'qf fl BE (1.115 ).
Hohco, in ordorifto>1ﬁtorprlt the T} data the measured BE decay curve
sust be deconvoluted vith this measured 1 116 1» 1nstru-ental relponso

to obtain tho true BE transient bohaviour as di:cussod in Appondlx 3.

~-In thc case of the In and Bi BE dcconvolution vas unnecesslry since

these lifetimes were found to be considorably longer than the system
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rgsponse, and hence uould be nogligibly affected by deconvolution.

Oblorvationl of the tranliont photolumineacence of 2 difforonf T:
doped 3Si samples 1llustratos both possible cases of relative BE and FE
lifetjnel.v Figure 3.la was obtained from a relltiv01y lightly dopod
sample. Here the decay is slightly non-exponential and intensity
dependent, indicating that some saturation is occurring.‘By fitting a
solution of the forn ‘of equation 3.5 to the rise and initial decay,
the T2 BE decay tine‘conltant is deternined to be 290 ps. The curve in

Figure é.lb is from a more heavily doped T sample. It shows an

 exponential, pump pouor.indepondent decay, iqdicating that saturation -

effects are nigligibio. Fitting a solutiod of ghe form of equation
3.15 to the data using the deconvolution program results in a rise of
260 ps and a fall of 270 ps. Intorpreting the fall as the BE decay -
gives a lifetime of 270 ps for tho Tl BE in good agroonont with that
obtained from the rise in Figure 3.1a. Reasonable fits could be
obtained over a region of T4 = 270 50 pa, with |uitabiy adJusf&d
rise times, This rather large uncirtatngy occurs because the sy'fon
fall time at 1.116 wm is only slightly faster than that of the
luninosconce.\ There was no observed tonperatgro dependence of the

lifetimes between 1.8 and 4.2 K. ' This first direct measurement of the

T! BE decay<Fito is. thus in good agreement uit extrapolation from ‘

the known results for shallover nccoptors, a uoll & falling uithin

the range ’ expected from oscillator strength and,‘luninosconco
}\-/ r& o !

efficiency ne&sufqnonts £3.51.

For the In data the BE recombination time was determined by a

straight line fit to the log of the luminescence decay at 1.0864 um.
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Figure 3.2 shows the results from 3 different samples of different
doping" concentrations ranging fron 4:10“ c™® (Figure 3.2a) tq
’2x10" cm~2(figure 3.2b) to 5310" cm~® (Figure 3.2c). There
was no observed temperature dependence in the 1.8 to 4.2 K range, and
no pump power dependence over av vide range of pump powers. These

results seem to indicate a slight dependence of the Augef*?ute on the

inpurity &dqcontrati&n;i,Tﬁe” abﬁve results ;gre§ rqaiaagbi;";eiiwgiih“
that of Schwid [3.1], who obtained 2.7%ns.

This is believed to be the'“#irst measurement of the Bi BE
lifetime. On. the basis of relation 3.2 the expected BE lifetihe is 60
ns. The wmeasured lifetime at 1.0806 1m {uas 8.6 ns (figure 3.3),
considerably shorter than the prodicted"valuit“'Again there was no
.observed ¥c|ﬁ0raturo dopondenc; or pump power dependence. © \\\
Concluding the 8i work, the Tt BE life;ile was determined to pe \
close to the anticipated,yalue_sﬁowing that the effects p;edictedwby ,\ e

IN

Jaros et. al. [3.4] do not occur even for the deepeit simple acceptor

in -8i. The In results were in reasonable agreement with a previous

"measurement and showed a slight concentration dependence. The Bi BE

S

lifetime was found to be much shorter than ahticipated on the basis of
extrapolation from shallower donors indicating that the simple theory \! :

of section 1.4 is not applicable for some as yet unexplained reason. \

- .
: |
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markers represent decades of intensity.

a) 4x10*® In cw~™ sample h
b) 2x10*7 In ca™™ sample
c) 3x10'” In cm~ sample ‘
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Tho photoluninelccnce spectrum of weakly excited (eg. in the

region where stinulatod eaission and exciton—exciton interactions are

uninportlnt) CdSe has becn exteniively studied over the last 20 years

t4.1-415] and was foupd to be in general agroonnnt with the model t

forvard By Thomas and Hopfield [4.6] to explain the photolu-inescence‘

of the qinillr dfrcct—glp material Cd8. The :pcctrunfeonstgts of

intrinsic pqliriton luminescence, and at lower energies the unresolved

LY

luminescence from excitons bound to neutral donors (I2 line) and

acceptors (I1 line), plus the various repliéas'of these lines.

The lifetime of- the I2 line in CdS was first determined by the

phase shi ft nethod [4.7] (soction 2.1), vhich relies on the assunption

that the decays are strictly exponcntial and that the build up is very

fast. Hore recently the I2 and I lifetiles in CdS have been direcfly

deterninod,' using a modelocked laser source pﬂﬂ‘l‘fast photo-ultiplierv

tube detector, to be 0.6 and 1.0 ns respectively [4.81. Jorgensen and

Hvam attempted to measure the I2 and polariton lifetimes in CdSe by an

~indirect technique utilizing the non-linearity of the luminescence

?ﬁgonsity with ’rospeét to excitation power ([4.91. They obtain&d
results wvhich suggested that the luminescence decay of 12 was much
faster than that of the polaritons. This led them to conclude that,the
capture of polaritons by the neutral d?nors to for- donor BE is

insigni ficant atx low excitation and hence that polariton captgregby



5

-

o

neutral donors was not the dominant iethod_ of BE formation or of

i

polaritog decay {n CdSe. This leo-ed a very suspect conclui!dn, !

particullrly as direct lifetilo neasuro.ent [(4.8] and cxcitltioﬁ

spgctrg?copy (4.10] in CdS had shown the contrary to be tho calc in

tﬁil ‘very similar material. This prompted the first diroct‘noasuro.ont
of the lifetimes of the BE qnd polaritonl in cdSQ‘uiing both athQ

]

band-gap and,,rdsonant”,excttatidn,'onl;sanplos obtained from tﬁe'sauo'L

source - [4.11] as those used by Jorgcnson and Hvan. Tholi sanplcl uhbre

thin platelet; with the c-axis in tho plane of the cryltal. ‘No

information ;bout the impurity cgngpnt of these crystalgﬂ;gquf,

available. - *
With resonant excitation of the I1 line a replica-of If vas

A
~

__observed which is believed to be a two-hole transition (section 1.3).

*®

This fixes the binding eno;gy dfutho neutral acceptorJrnspdqqibl§’;;n

the I1 line in this sample at considérably l@gq tﬁ.n‘fhlthf oithéf,r;t

to be the first ‘two-hcle BE transition to be observed in a II-VI .

wurtzite se-!conductor. ' L I

In . this CdBe sample two diltinct peaks in the intr!nlic polhriton
rpgion of the spectrum were observed. These ‘soonod 'to'havg yory

different coupling strongthi' to LO phonons, ax well "as sliﬁhtly
P , .

different ﬁrcay characteristics. This, together with tho 2 ..v,

splitting between the pelks, suggests that thoy originato from

the Na or Li”;ccepébE”9414ii“¥opdriéd earlier [4.2]. This is beligved . |

«

I3

different polariton branches. Thor origin “of similar |plittingll!r“

(dbserveda in -the polariton .lboctrun of most other diroct-gap ‘

iconductors is the subject of considerable dispute (chapter .



i

tm.- observation that the pouriton mddonor mdnccopt::lﬂ",'; ;
‘ tim uoro strongly dopendmt upon tho oxcitation intmsity ovm in

_ the very lou—pover lilit, >even though at: any givon pouor fovol tho

roburvod decays appnrod to bo singlo-oxponontial to ‘a vory good

| approxination. This may 1ndicate thit even 1n thou ‘Mgh quality

. SRR :'fi'fl‘f}sanphs, N the donor lnd" accoptor concmtritions ’*aro .80 hi@h thlt *’*i‘"‘*- ‘*}L
o A mter-—iq:urity tumwllinq is subltantial. It vould lppnr that tho o

- + E i.. f
el usual assunption of Uol*l—dofimd lifetim for p;rticular oxcitonic

:speciu— in tho —————— lLl4:m-1:tos-m regin' 'reduires cartful scrutiny tn tht:

‘,md similar direct-—gap uteruls. _ - A *




Thb oxcitatfon sourcc used in this oxporinent Uas thl,nodelocked

7‘i'lynchronouily pu-pod.f cavity dunpod dye ]asor lY't!l~§""ib‘dJi"'

o chaptorv 2. Thp laser dyo LBGBB (availablo fron Exciton) provided a”,?fn,fykzj

i’tuning rango of npproxinatoly 660—720 nn, Covering tho ontire r"ion gL;g

“of intorest Rhoda-ine 63 vas also used for sone of the above;band—gapmfi;ﬁifﬂ:Vi

oxcitation oxporinents. »The pulse uidth as deter-inod‘ by theigfg,,f'ﬁﬂv

.utocqrnutor (uction 28) was less tlun 30 s, and the r.petmonif“]f- S

'yifrato ‘was tn

55 0le-tnt, the spectral “line - uidth of the laser pulses proved in some

F

'3¥ Jca:0| to bof much too wide for 5electivo oxcitation exporin’nts,

>:f' neceslitating‘ the use of 3/4 ‘» Spex lg?ochronator to narrow the laser

; rline sufficiont’ly (<1 meV FURY). e PR,
Tho CdBe platelets with@f@quj§§§§ in the pllne uere nounted in al~' =
,Ast;ain froe.jnannor and i-§rsed fn 1. 5 K liquid He. Tho lu.inoscence 
‘i vas dotectod by a. second 314 P Spex -onochro-ator couplod to a vory

'fast nicrochannol plate photonultiplier (Hannlnatsu R1294U-01) cooled

to -30 c. The time-resclved “spectra were collected by the data' '

acquisition ‘system doscribod in section 2. 7. The total system responso

to the dyo laser excitation pulses in: this wavolongth region is{'

depicted in figure 4.30. 'N-}' . T -

The 'lpoctral scans were done ulhng'; different detector (Viri;n ST

VPM  159A3) with a smuch  lower difﬁ'ééﬁﬁf“nﬁdillrger.dywuulic"rango,~; 

connected to a double 3/4 m Spex nonochro-atorroperated at a spectral

-resolution of about 0.2 meV. L
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1 Alw-pove' continuws—excitation photolunimscmco spectrnn o
ftypic’i*l of our Cd80 n-plo- is ahoun in figure 4.1. 12 & Il are the :

e »

' ,neutrai donor and accoptor E linn, respoctivoly. The lims l, ﬂ. *
3  £  colloctively | llbeled ‘ 12-20 are the KB called tuo-olectron

"tr-ngitionsr (section 1.5), of tho neutral donor Bg* or of tho excitod

exciton states thereof 4. 3,4 41. The l and 2-LO phonon roplicn of 12
-and I1 are also clearly visible. The lou energy blnd llbolod DAP il
it‘he donor-lccoptor pair reco-bination In,nd [4 1]. The LO phonon mérgy
' 'cm be accurately deterpinod tov be:26.4,_ ,0.210\! frq- the!po:itioni "
of the ﬁrp BE md E—LO r'oblii:n. Tﬁrpolaritm peaks in these CdSe » | ‘  ,
samples are -uch ’ i:ionr to 12 thm thou in a prcviou:ly publilhod
spectrun [4 4]. Tho lo:ation of the polariton pnlu seens to be wle '
’ dependent 1n Cd8§ L4, 121 for  EONe as’ yet unexpla!md reason.

The . peaks Al and A2 are both from polariton luninncenco as |
vor!fied by their lntmsitus rolativo to tM E u!th incunirur . "'V;,f* -
) tnperature (f!gun 4.2). Had A2 hm due to .localizod :tate, its - /
inten:ity uhtivo to the pohr!tons would havo decrund at highor*?
B sanple tenporatures. The polar!ton natun of Al and maﬁl also bm. R
veri fiéd by ncording a rofloction lpectru-, which . shon lharp o

:tructure at oxactly the same enorgin sm 1n lunine:cmco. In their B |

study of transient behavior in CdSe, Hvu and Jorgonm '[4.9] did not

resolve fhe no—phonon polarifon llnn, nor the f!no ltructure in tho
: LD phonon replica onergy region ovidont 1n figure 4 1. Tho llno thoy
label 4.0 in their figure 2 woutd - Beew toacqmut' i mﬂyrf_ , T

-




dispersion curve. R | as the cffoct of adding a curvod tlil to the

'obsorvod l-LO phonon roplica can in fact orlginato from the louer o

polariton branch. ; R ' 9 o

unronotwn&i!&tﬂbrop}tcas

: The low onergy‘dashod lino on tho spectra in figure 4.2 in#icatos

co the oxtrlpofltod, sharp, lou energy odge of the polariton 1-.0 phonon 7 t#f:/lr

roplica. Tho sccond dllhed “line has beon drlun oxlcfly 1 LD phonon

energy (26 4 noV) ahovo the first.' This highor enorgy dnshod lino

falls right 1n botu&cn the Al and A2 peaks scelingly indicating that :

.thc low oﬂorgyfrodgo of the»LD ropl!ca originatos fron tho population ]

of polaritonl respOnsiblo for tho lou enorqy edge of the Al peak. This
1: houovor not the caso. Toyozaua t4 13] shouod that tho strength of

[EEpEEUI R — SoonTmmImTiiToT

, the coupling botuoon an oxciton nnd tho l—LO roplica should wary as qi

for - snall phonon uavevectors q. Thil neans that the louor polariton
B Lo R
brnnch (62) should couple more effectivelytto LO phonons. This result

23

hll been verlfiod in CdSe by rtsonlnt Brillouin sclttering't4‘14]. The

lpplrent contradictxon of the pre!ont experinental resultl uith these ;fiv

,,conclulions can- be Artconcilod~fby realizing thlt'the abovo lontionod' F**”**4”f

L

extrapolation to detor-ine tho low onorgy edge 64 tho I—LD replica is

"fj}?invalid for polaritons. A gllnco at the polariton dtspersion curve
.(figure l 1) shou- that unlike a rogular free exciton the louor

‘ vpo}ariton branch curvos,in luch a uax that the wavovector chlngos very

little for a relatively large change in Qnergy beiou tho knee in the

1410 phonon— replicn as locn in figure 4. 2. This neans that tho 'ii

T

s

| Bigce tho splittjng hetuoon tho uppor Iﬂd lovor pollriton »

branches in CdSQ has been detorninéd to bo - I8 noV by rosonant f_ff§:ﬁ

PR

EY



poleriton peaks ere seperated by 2 eev seene inconpetible ulth an
explanation of the high energy poleriton peak Al in ternl of a nlxinun

in. the trensnission -of the cryltel !urfece II hes been sugge:ted for

CdS (4.8, 4 12,4 ISJ.r This result insteed luggelts thet thele peeks l
~
arise fron the tuo different brenches qf the polaritonll A! froq the -

upper poleriton brench end'AZ fnoi theriover. Further eupport for this

suggestion ls the observetion thet the neesured photolunlnelcence ;-

decays of Al end A2 (figure 4.4) are slightly different. The Al decay

JE — R A —

shows a stronger fast co-ponent .5 Qell as heving a llightry lhorter S
overall - decey time. There ues, houever, ,no observed uevelength
dependence of the decey chnre:teristics within eech peek Al or A2. The
decey chenges fro. n‘Al type' to. 'Az type' quite suddenly upon chenging
(the energy of observntion fron 1926 -eV to 1825 -ev..lf both At lﬂd AZ
- arose_ fron the sa-eppolerlton brench the decey cherecteristics uouid;,mwﬁﬁeefﬁw,;,
- be . expected to vary continuou:ly'over both linel since the -ore rlpid

decey of the Al peek would then have to_be interpreted as the cooling""' R

%

. o
: of these hlgher energy polariton:. o b ~~“$#f‘
7 v, B ~
. ) ‘ M 3
o T I {‘,,if
Al : & ,
'\ @
Ve o = e
o
f * {‘; ’;il - *g
’\ - -
&,
(it £ .
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N
Photoluminescence spectrum of CdSe at 1.5 K with +100 -ﬂ/cn’ of

above band-gap excitation llght at 590 ne.
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‘ A portion of tho photoluninoscenco spectrun at highor to-pordture T - ﬁfi

25K a) and at T =1. SK b). . Tho louor onorgy dalhcd line rbprolontl e
the apparent lov energy edge of tho polariton LD roplica. Tho highor . .
‘ ehofg}!.dashdd line is exactly one LO phonon onorgy (26.4 ch)»abovg .' <
the lover 1ine. "'mo high temperature spectrum has been shifted up in

onorgy by 2 meV to -atch the low tonporaturo lpoctrun, in ordor to

;rf conpensato for the tenperaturo inducod bnnd“glp lhift [4 5]. Tho ~25K
sanplo tonporaturo has booqs estinmated from this shift, since th‘
‘sa-ple vas freely -ountod in He gas and its ta-perature could not bo

neasured diroctly.



Figuro 4.3 shous the photoluninescence decay of the Al, 62, 12

and Il linos at a fixod, averago, abovo blnd-gnp punp’intonli%y of

approxinately 100 uHIcnz at a’ repetition rate,of 4 HHz Thevdecay of”

,‘the ‘Al and A2 polnritoﬁ lu.inoscenco (figure 4 3 < & d) uas_

r'non-oxponontial and’faster thin fhat of 12 (figure 4 Sb) or Il (figure

4. 3;). Figure 4~30 shous the total inltrunent responso to the 30 ps |
. wide dyo laltr pulses. Surpri%ingly, the lifeti-os of the 12 (figune
fsi and It }infi"vffl* fOund‘to'dopond strongly‘gn punp intensity.°%"

Thil vas found to be true ovon uith resonant excitation of thQ,BE,;

rate. A sauple heating effect cnn be ruled out since tho observod

*lifetinos dopond only on’ the penk pulso intenlity and not on tho; :

v"'avorngo pump powver. Thil wvas vcrificd by loworing the ropetition rato”

of the cavity dumper by a'factor of 10, thul decreasing the averageﬂvf'f ,~ﬂ;,,

. : ‘&. .
,indicating that tho longthening of their lifetincs with increasing%'

Pu-p pouor is‘ not -orely due to tlturation of thg polariton capfureﬁf;:

power by a factor of 10 vhile loaving tho peak power Ilnost unchang.d_'"‘”

sl
5

b

No chnngo in the shnpe of the decay curves vas obscrved

With above band-gap excitation at high pouor lovols, saturation'i;

of the roco-hination channell does play a role as ovidancod by tho""

‘ iupptantial lengthoning of the polnriton lifcti-o (figure 4.4). In

[

this above band-gap high excitation,donsify regi-elthe lifetimes of

all of the lines increased 1ubstanttaliy, ?tnﬂ‘itturqiﬁtotvifﬁ* 'r

oxpoctation that under any givon set of conditionl thA BE lines ‘can

never. docay “more rapidly than the polaritons. In o@tlining ‘thg



i rnnd to. tunnerling betweon hinding centers.' “There appears to be 2

- varied by a factor_ of  10%. The higholt oxcitation déﬂlity UI.d vas S

'7‘~10 H/cn2 ,avoraqo, or a - peak punp denlity of ~iO' H/ca’, and tho

‘,'lowest (corrooponding to figuro 4. Sg) 10 chn’ averago. Tho only
difforonco in the exporioontal conditions reoulting in the docay

curves of figung 4.5 vas the insertion of various noutral donsity

‘fiiifiﬁo in the exciting laler boan. Thi foculsing of the lllqr npot on

| the sanple uas not chnngod. For _ highor excitation pouor; noutral

'density filtors were placodi n the luuinescence pqth to koop tho count

rate lou.’ﬂﬂ" |
The reanon for the obsor;ed behaviour is not clolr. The,donor nnd

) icceptor concentrations in thesc Cdao,aaaplos must be quite large, .as

evidenced by the strong DAP luninescence and the persistence of tho 12

Tline at high ttaperaturos, as seen in figure 4.2. It is poolible that

“'th'ﬁ,!ﬁah?,,!ﬂéﬁié! HF¥E!Q!_A9!ﬁW§h!”,§§”"!!VOfunctionsﬁfIndo;thgwslggq«”;wﬁQ

proximity of " other defects leads to l;rgo'Viriafiono in the lifetimes

Vridistinct regions in the punp pouor dopendonce of the lifotinol In tho
higﬁ- poqer‘ regime, beginning at ~100 /e average pover It a 4vHHz
fepotifion rate (figure .4.3d), where the lifetinos longthon rapidly
with incrolsing punp power, saturation of the pollriton roco-bination
- rate appears to be the do-innnt factor. Below this region the lifotioc’

of ‘12 varies more slowly with pump infcnsity and saturation is not -

involved. Ifﬁ‘*‘f¥' be ’ofroiiod,v E&i&?&r, that at Call oxcitation
ddnsitiol at uhich both the polaritonl and 12 were obsorvahlo the -~

T —

l1ifetimes of tho polaritons were alvays shorter than thooo of Eho BE.
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state a "°"°' Be 1““’" fof ‘these n-plu.' At lov excuation"fj'"

A

g A

of tho BE'

) dopondoncc such as- thc one prqsontod horo should bo lnvostigltod. Vorx,X’

rocontly Hinlni and Era [4.16] hIVQ prosented the rosults of directJ

lifotinp nelsurononts of the I2 and Il linoi in CdSe using tho sane;}“?"

- egmoss

' oxporinontai -ethod, which yioldod the conlidcrably longer leetines

‘of 0.51 ns and 0.80 ns for I2 and It which vere apparently excitation

density -independent. Bince the lifctine of an‘exciton bbund'to'an}[*f

isolated center lhould ot dmnd on the excitation density the above

results . indicate thlt the BE lifet;pes observed »'herq are .

,”grip:estni;tivouﬁoffCQntors~portuEbodﬂby~ntlrby inpuritie|~uhéféai"thotif””*** -

bbsofvod by 'Hihi-i and Era [4.16] in thoir apparently higher qualityi
 sanple are the unporturbod 1itetimes of uoutod impurity BE.

The lnitial falt drop of the polariton luninosconce lhoun in |
figure 4.4 ¢ & d vas due to the trnpping of polaritons on binding»y

conters until saturation vas roached This-conclusion is supported by

the ocbservation that the z:ui.ldup of the I2 lunlnescenco (figure 4. 4b) N

vas not coaplete until the polaritons had rcached their final decay

rate. The initial fast drop of the Ii luninescence -ust be due to uone '

time or the lifotino of some porturbod centers. In any -tlsuronontﬁt o

,vdﬁﬂlitltl thc 12 llfotho atynptotically appronchos a value of ~4504:’h_‘  e
: ﬁs.' n cmot be decide .hooovor whethér this is the truo donor ne'v{ B

:|nperiap6§;d; short lived lu-inolconce of a differont nature, as is
evident in the time-resclved spoctra of figure 4.6. These spectra also

show the rapid buildup of 12 at the exponlo of the polaritons until



o - o"';" o A 95"

'"f9’ —nﬁiﬂﬁﬁ vas rnchoo. . Tho LD phonon *ropllcu of tho polar!tono 1n
Yq‘theso lpoctra lhou the lnitial rapld cooling of the polariton gao 1n

the first nanosocond after tho laler pulso [4. 173. A llne shape

v‘analysis is not possiblo due to tho prooonco of :trong ncnrsy BE,Cfff”Qi
| 1u-{ne-c.nce. It might be thought that the initial Yaot drop 1n th._5?7’:f
ino—phonon polariton luoinolcenco could be duc to this coollng. ln thlsio

R . . - - —

) ccso, houover one - uould expoct the ratlo of the. faot to the slovr_'

co-ponent to vary with wav.longth 1nl1de of a polariton #olk with no”

fast couponont at tho very lou enorgy odgo. !n,faft 1n this ca'é tho‘,

- luulnosconce fro- ithe lou energy edge corrosponding to tho louostba?io
ooeroy polar!tonl fshould ‘shov . an oboorvablo buildup due-to foodingf;o"
fro- the hottor _higherivonergy polarltons. Thero is houovor no
obsorvoble chongo ln ‘the ritio,with uavolongth within one polariton

, ;nOvphonon poak. Lqptlygi the intonlity ratio of the fast to the slou .
N  conpoﬂents doereases uith incroasingf punp power - Uhlch agroos with

. expectation of the trapp!ng -odel. '
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"f?tﬁéfirQii{ﬁiﬁg" Eaﬁitituent (eltctron or. hole) of the neutrll donor orrf

- ,spectrun idontical to one resulting fron ahove hand—gap txcltatlon.<

: Hith resonant 'excitatién it ‘ls po:sible to dotéruiﬁeb

unoqulvocally uhich llnos are replicas of !2, I1 or the polarltons.,

- This 1;7 vqry.:useful for idontifying -ponsible BE tuo—eloctron orj

tuoéhole trnngltfons [4.18] (sectlon 1 5). Thcse are processos uhero"“

Ky

jgtceptor is left in: an electronic excltod state upon annlhilltion of;

the BE. ;'These transitlons can be rused» to estinlte the donorror;r'

acteptor blndlng energy by’ assunlng an effe«tivo nasi hydrogenic nerllfil',; ,7‘;
(section 1.3). tuo-electron transitlons of this type have beenl'v 5
obgervod, in CdSe by varlous groups [4 3 4 4] Honry et. ll. [4 4] have :
deter-ined in this manner that a typical donor binding energy ‘in CdBe

19 19.3  meV, Analogous tuo-hole transitions have not, until now, - boonﬁt

+ o

reported.

nunp:ng tho high energy polariton peak Al resonantly producod afwrfw_

This is further evidence that the capture of polaritons by‘noutral_t

donors and acceptors 1: the main source of BE luninosconco.,ﬁunplng',
- the second_ ' 'polarnon peak A2 (‘ffviql.iré 4.7.)"produced a spectrum n-a-t
:77 llke an. above band-gap one oxccpt that the polarlton LO replica is

~ almost non-existcnt ind the strongth of the linc labclod «is -uch

greater. We conclude that '« and Y,»uhlch~arc approxinately the same

distance above B and §,  respectively, are two-electron transitions

from an excited state of the dﬁnﬁgka lying above A2. « and Y are the

T

corresponding two—electron transittonl 7fro- the BE ground state, as



e

"veri4ied——byfresonent;punping~o4Alzgliigure44f1blfgzxcited—stetes40148£ g
have been studied in CdS by Hals and Haering [4.19], Henry and Nassau X

;7_t4 .201. and. more recently by Puls et. alfuL4.2i—4 231. The strongest of‘

i;fthese,. called Sy is located ~3 -eV above the ground state, equnl to-
b_the approxisate Y-S and o splitting. Hence a« and Y probahly result

frou the ¢ excited states of the donor BE responsible for § and B. Thg._

extreordinery strength of these excited stete lines indicate thet the
excited state lifetises must be—of‘the’sene order. of nagnitude as that

of the BEaground state, and that the relaxation to the ground state is

reietively 'slou.frdftﬁ;;-bre; the cooture cross. sectionfof .fgoi;fii;af
into a " donor BE ‘excited state must be large. This is perhaps not ;{
'surprising considering the near resonance of these excited state with '
-,ithe A2 poleriton in our CdSqf’;a-ples, as evidence by the drasetic,
increese in the u line strength with resonant excitetion of A2 (figureﬁ
- : : o
Punping, 12 resonantly as in figure 4.7b results in a spectrul,
.c0nsisting of only the ground state two—electron transitions and the 1
-nd'—z-Ln phonon replicas of I2. By v.r}sng the uevelength of ts. pu-p
source slightly within the 12 linewidth, the retios of § and 8 can beg
.'chenged, suggesting thet they arise from different donors. '8 is,o
favored by excitation on ‘the high energy side of I2. & seens to
correspond to the ‘tuo-electron transition of an exciton bound to &
substitutional donor such as the one studied by Henry et. al. [4.41. A
‘study in CdS of 7 different substitutional domors [4.24] shovs that
central cell corrections are very small end that consequently the

donor binding energy can be calculeted to about & 1 meV by assuningfe



/ hydrog!ﬂtc -odol-, The line ﬁ, uhich from its oxcitltion dop«ndoncoﬂ;,mf’

seemed to correspond to a donor uhich binds an exciton -ore strongly.;{t;ijo“i”
was houever'rhigher,rin energy than the ltneps. This indicltos arlargel f}pi?pt5 ¥?
'negative contral coll correction, uhich by analogy to CdB, luggests;c o
”"that fthe, cenéer ' responsible for‘;g is problbly not a sinplo
subst;tutional donor. ‘ ' “ | v | : - |
Punping 1 resonantty results in- tho spectrun shoun'in figucoyfcél“‘?f,j
‘:v4 7c.f It/ consxsts of the LO phonon roplicas of Il and a line labolod o
'p711-2-hole ~along vith some other ueak, unidontifiod linos. Assu-ing a

'1'hydrogcnic nodel -and nottng thnt thxs line is 57 meV- bolourll }oads to s

& an estilate of  the acceptor binding energy . Ea.of 76 meV. This is
Vrfrsubsfantially less than the ~109'7nev binding energy of the Li & ﬁa
acceptors in CdSe [4.2]. The value of 76 -ev is, however borno out by
the'_ position of the DAP' band. The photon onergy of the DAP

'lunxnegcence is given by (section 1.7)

Epar = Ea - (Ea + Ep) + ;; 4.1

’_, v . 7 ) 77 ) o I )

-~ where R is the diotance botooon the donor and accoptor.!?or-cdso the ;

polariton binding energy is =16 weV [4.25,4.26]. Adding this to the

energy of the lowest polariton (A2) yields for the band-gap energy -

E, = 1824 + 16 = 1840 neV. Using 20 meV [4.4] as the donor binding

energy Ep, and 1750 weV corresponding to the peak of the DAP band;ns"v“ -
Eoar and estimating the Coulomb term to be 7 meV from the difference

between . the lov energy edge and the peak of the first DAP band gives a

Tough estimate of 77 meV for E., the acceptor binding energy. This o



',;decey at the same rate. At longer delays efter the laser pulse sone; ,;-;

: tsfinfrenerkab%y—good—agree.on*Auith;thefprev&ouséresult.’“i;: =
'1°\;7 Tine-reeo!v specira vith relonent excitetion of 12/shoég%het etcr;»
leist for the first Sns. or s0 ell lines oecey with the se-e lifetine,*}d.‘
'further confir.ing thet all lines in figure 4.7b are replicas of I25c;}n=ﬁ;w

' Binilerly all lines in flgure 4.7c, uith reeonent excitetion of 11,7'

wEa S [

and the L1 lifetine,Wto<,~1.2ﬁ,ns.”ﬂInlerting & 10?.neuttelﬁdensit¥ A:L,, L

N singlehekp'

-exponential

untdentified, longer lived, broed luninescence ﬁends eppeer.

Tﬁf‘-lunlnelcence decey curves of the BE with resonent excitation,  1"75-

«

were obteined by nonitoring the lu-inescence at the l-LD phonon;;

fireplice uhile pu-ping the no—phonon line - dnrectly. as '-enticned T
prevtously,v a punp 1evel dependence vas egein observed, elthough duef"

to the relet!ve weakness of the LD replice it could not be" followed e

over as vwide a range as with ebove bend-gep excitetion. Hith this‘

'resonent excitetion we uere eble to extend the 12 lifetile to ~0.B ns

filter reduced the I2 lifetime to ~0.2 ns and the I1 lifetime to 1

ns. MWith resonant excitation, saturation of the polariton decay rate

cannot be a factor and hence this cleeriy shows that some other '

mechanism in addition to saturation was responsible for the power

dependence of the I2 lifetime with above band-gap excitation (figure

4.9, :
)"
There res some excitetton vevelength dependence of the 12

lifetime. ing the high energy side of 12 reeulted in a longer,

»

folloved by (a longer decay (1 ns) more characteristic of the high

tial decay, whereas the low energy ‘side shoued & dual

ecay with an initial much fester (typicelly 250 ps) decey e
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'fionbrgy “side. Une possible explanation for this is ngain tho oxiptoncetl
of 2 difforent donorl uith different ne 1ifeti-es..rhe fa-t ca-ponont,”
: would then correlpond to tho docay of excitons bound to the donor‘ .

pri.urily rl!pOﬂ‘iblC for the lou onergy side ol I2, and tho long'ffi_"”

co-ponont to the tunnelling of the lhnllouor, IOﬂger lived donor BE to

Vfthf dooper statol. The bohlviour of tho tuo-electron tranlitions’%‘a

previously nssociatod uith the high and low onergy sides of 12 il

| houever, inconpatxble uith this explanation since in thil cale ono P

would expoct to see a buildup of B vith lou oger’y oxcitation. Those' "':'u‘ B

: ,\_‘w,

' expectations are not borne out by experineﬂt, Noither S or @ lhou a

buildup and both & and f have both a fast and a slou conponont

' follouing excitntion‘ on the lou energy side of 12; ,alhg;t utth

di fferent ,ratios'of,fast,to'slow components. No‘éonsiltoﬁt{éxplonatioﬁ~ »

“°,5;61 tﬁesotobservatioﬂu‘hasibe;n of fered.

'*"*i*fr:i* e e — s e ,7 - o - = - o ':” Lot e e s
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Resonant excftatibn spectra showing the replicas of the BE linAu.',V,
a) pumping A2
b) pumping 12

c) pumping Il

The broken line shows that the shoulder seen in ay is dus to the Hine

labelled in b).
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The 'doc"ay rito of BEih‘-‘IFVI 'sélicondu'ctorl”w‘n first studied in

CdB using the'phase-shift lethod t5.11 (section 2 1) The.lifrtiyclrofr:#

the donor md acceptor BE were found to be 0.,5 Iﬂd ‘lvao'"'ns',

rrnpr ively, in good : agromnt uith a theory previujsl} but forward
by Ri " a and Burqonishvili t5.2,5 3]. Hore recmtly Slndors md Chlng
devil:'éap a thoory for effect:ve-nss like BE decay tins md have

: calculatod the expectod donor md acceptor BE 14 fetim for nny :
uteriall IIS 4].\ There exists, at this tine, very fw experimta‘l
‘rolultl uith uhich to compar e ‘these pndicted decay utes. B '7
| The phase-shi ft 'nthod unﬁd to doternim the E lifctim in ng‘

‘rr,doponds -on-- there being only one sinple exponential d«:iy conpon,ont. . g S

" - The presence. of a ncohd coq:onont or of a slou builﬁub rmlts in

s

. ambiguities in ' the interpretltion of the data." Th$ advent of SR
synchronously pu-pod nodelockod dye lllﬂ"l mdv fast ph i;o.uit-iplier '

tl in the

tubes has oponod the door to direéct. lifetiu kulsu'r/'

_sub-_-riqnosocond rogin toupled with grnt sengitivity and dynaaic

range. Recently, using such a systea the lifotim of in CdSC havo

o bnn thQl'IiﬂQg»d"- (section 4.3). This vas also done by H nui lnd Era, :

IIS.S] who obtainod substlntially longer lifetim posﬁi ly indicative
of higher quality samples. The oburvod lifetim are ften shortoned
rby largi' impurity concentrations or high laser

overlap of the very extended BE wavefunctions. Th 'nost reliable



' %L' n0asurgn2nts of thc unpcrturbod BE lifctinol are thus obtlined fron, | }. S
M = ,,,.—r
- high- quality' sanples in the lou excitation pouor lilit. Hore thef‘lzllmﬁ?ffﬁ?f

"47 'results of BE lifeti-o ,nnaiuronfnts in zns. are ‘presontod. Thh”]_j

naterial is “of tochnological “interest bocause of th& pollihility ofﬁ
’ 'naking photoouitting devices in the blue spoctral roglon IS.GJ. The S

quality of availahle Zn8¢ il as a relult quite good

\
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e
S
B
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-
-
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1
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Tho oxporimtll nppautus consists of the activoly lodelocltod,

'synchronoully puqnd, ’ cavity duqnd dye laur system using RSB dye
l (chlptor 2), producing n train of 10 ps ‘wide pulut at '%90 nm with a

~r0petition ratc of 4 lﬂz To croato the nocﬂury above-band-gap

The rnultant 295nn bou wu then focused on to the uq:los, which for

: thm oxperimts ‘were ilntrnd in superfluid Ho at i BK. The average

nicrochmnol plato photo-ultiplior tube (Ha-mtsu Ri2940-01). The

for thon umlos vhich were obtainod ffo! Phillipl. o

The donor BE line (12) docays oxtrmly rapidly (figuro 5.10).—;;'7“‘

‘ Doconvoluting (appendix 3) with the leasured instnmk‘nl response

function lnd vorifying the resultl in sevoral differen% slnplﬂ

‘\1“

producn a nulurod lifotin of 30 ¥ iOps, close to the liajt éﬁour

ﬂ’L z‘:

E oxporimtai tile rmlutim. The unresolvod Na & Li acceptor Wuinn
’ &

(Ii) havo a lifctin of 360ps (figuu 5 id). Only one iifetiu
comonont m oburvod in a umlo containing both Na and Li\
acceptors, indicating that both acceptor BE have tho*lalegiifotint*

This il expected within the framework of tho Rnhba and Gurgenishvili

model in which the BE lifetime in a given material is dependent only

R corresponding to a pnk power of ~250 H/cn’. Tho photolulimscmce

vas malyzod using l single stago 3/4 n spoctronohr and detectod by a":: R

"‘&;@

o photons ea.v for ZnBe), a I(DF frequency douhling crystal‘ "was used. ’*’*""'i""’“"’f?*

ffpowtr dtnlity of" oxfcitltim**incident on the :l:plf vas ~10- uu/i:nz:

: lmln used in thil study were all bulk’ unpln dopod with Nl, Li, S

, Ou, Ag md Au accoptor: [5.7]. No chlracterization data was supplied S

i
-

3
_.! .
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onggtheg,nxciton,plocnlilationg,0nQzgyigglhnvgcuzznlntndgﬁlingAAllhnlnd '

Il-deep, has a lifetine of 960ps (figure S.1b). Dopingfaithyhg results

in Aﬁ bplssion.¢corresponding to a very strongly localized BE with a

series of LD phonon‘ replicas - (5.73. Thls, line
Dean

to obsorvo the Aga° line,

" BE reported to lie just belouvthp usual If line, presumably because of -

‘the very low iveragegpouor of our excitation source.

vhich is isoenergetic wlth 1, or the Au

(155.15& #0:° by

ét. al. [5.7D) has i time docay constant of 2.7nl. We were un;blogv B
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Figure 5.1 .
The luniniscence decay of the Var!ou; "BE lines after pulsed
excitation. I2 and I1 are the shallow donor and acceptor BE
rnpoctivel;\_lh‘o trace labelled 11‘%@9-cofre§ponds to a pert;li'bed o
- o s ' , L
shallow acceptor center. Il—deep i§ the Cu-related BE line, whereas
Ag:° is an Ag related BE line.  The nuserical values of the

lifetimes are shown in Fig. 5.2. Each of the t!c’k"-rarks og'rthe‘

vortylrcal n:aioﬁ r;ﬁireunts' Vonro doca%’%f intensity. The curves have

been displaced vertically for clarity.



‘Figure 5.2 is a log-log plot of the cbaerved BE lifetine vs. the
‘ - R
7 exciton localization energy E.. The dashod line, arbitrarily drawn
| through thc*fi point, correipondl to the trond predicted by the thtory

of Rashé. and eurgonishv141 which gives ‘tsection 1.3)

.' The experi.ent;l points are»in reagdnnhle agrggnont<pith éhil thoory
even for the deep Ag ac?eﬁtof conple%‘»résponsibleo<for the Ag,®
line. Consequently, the onng@df BE decays correspond to donin;htly

| radiative lifeti.&s, since the’Auger:rate increases with increasing BE

b1nd1ng energy [5 B] (section 1. 4) and hence if i1t were inportant

there would . be a reversal of tho observed trend—to longor lifotinel“

with increasing/’exciton localization energy. This is in contralt to

/ : #

the reported \qggf of ZnTe Uhere ‘the Auger mechanisa: doos plly an ..

~

i-portant role for tho ‘deeper BE [5.91. o - v .

The BE lifetine Ty is related to the transition oscillator

strength f by Qquation 1. 26

o 4§ .
‘where )\ is the transition vlvolongth in_cm in vacuum and n is the

* LS

o -



jfgfféjrggggf_ 4ndox.r According to the Rashba and Gurgonilhvili theory;" i[y
v‘llfhe i-purity~ BE oscillator strength is related to the FE oscillatorf:_ji1:i;_§_

strmgth por molecular volune LS by Oqu“tic'" 1.50

Uh‘YQVJkno‘ is the volume of one InSe. molecule and‘ l is 'the

>7;charactoristic length of the inpurity BE auhvefuﬁctioﬂ.v The
iirolationlhip betueen the characteristic length and the BE localization

ﬂcnergy En is givon by equation 1.49 o ‘ » Y

= T (2eEs)

where m is the exciton mass. Using equations 5.2—5.4'Qith'tho,vakuQSQ;'“

n = 2.61 [5.10], Qo = 4.1x10~%nw® [5.10], m_ = .91mo [5.10] and

[.'j -f 1.4£10'3 i [(5.111 appropriate for InSe as well' as

M2 = 4'43x10-=c.,’- Ma = 4.44x10~%m, Exz = 5.6 meV and

" Epx = 10.5 meV from the neasured spectra, yields the predicted 12

®

and !l lifetimes of 200 and 495 ps respectivaly.
Rashba and Burgenishvili (section 1.3) talculate the envelope BE

wavefunction by using a delta function potential with adjustable: -

Itringthii“This does not lead to a VGYY'fileItft”BE“UIV!fUﬂttfoﬁf;”‘ -

ilthough ‘the theory does seem to correctly predict the BE lifetime

.

dependence on the localization eﬂergy.v In particular, the theory
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' ~fefeats— thef r.eo-binatien—asAeeeurr%nggenttretygvith%ngthogoxe%tenfgﬂo

'prov1sxon is made for riconbxnation with the i-purity carrier. It -also

does not include the effects of inter-particle correlationl on, theﬁ
wavgfuncfion. Sanders and Chang [s. 41 have attempted to roctify some

of  these deficiencies, within xﬁif» spherical , effoctive naii: 

',approxination, by constructing a variational. BE envelope wlvefunction

rfjuhich includes correlation ef}octs. The wavefunction dopendl on the

‘?ratio of the ilpurlty carrier nass. tb the mass of the carrier of the

 ;opﬁotfte ‘sign. Thus, for 'a doﬁor the -als ratio (8 1| givon by

::;r"a n;/-u, The uavefunction is adJusted to corroctly handle thef S

e E]

'i knpun limits of small and 1arge>r corresponding—to analogs—qf thf»“z

R and H~ systems respectively. They obtain 'fo;rifhé impurity BEV

_jéscillator strength the expression.
RS

o p
f= %

K 5.5

where w is the ahgular. transition frequency nnd Pt is the energy e

‘equivalént bafd-to-band rnatrix elenent squarod. They have calculated

Al

the value of fhernafrix éle-eﬁt <TIF> for'all values of the,nalq,ratio

r.' They do not give values for InSe, but using ¢ = 0.21 for donors and

‘¢ = _4.76 for acceptors and their figure 3, th‘vtltiilttd overlap

inttﬂrals are [KIIF>|2 = 17.8 for 12 and 1.41 for Il. The previously

" used FE oscillator strength of 1.4x10~® corresponds to a Pt of 20.0

eV [S5.111. Using this value of Pt and equations 5.5 and 5.2 results in

predicted lifetimes of 27 ps and 340 ps for 12 and Il;!rolpocttVin.
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These values are displayod as_open circles in figure 5.2. These valuesw~

are in qulte realonable agree-ent uith expori-ental\values for 11 and .

12; This is in contrast to tho roported case of CdSo [5.5], where the

'_Bandors and Chang theory predictsv,lifet;-es an order of magnitude

shorter than thq_obsorvgdhgnluos.,v‘
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Figure 5.2

A log-log hlot of BE lifetime vs. BE localization energy. The crosses
represent the‘experiuontaf\ﬁbints. The dashed line corresponds to the

trend predicted by ‘the Rashba and Gufgenishvili thedry a;gitrariiy

scaled to go through the It point. The opcn circles aro the predicted

values' of the~ shallow donor - nnd aqceptor BE lif.tiltlill dc*or-inod

from the thoory of Sanders and Chang. T ' ‘3‘1§ € .   B ‘*}4'f'v ""kff

~
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77%& A ‘seriel of ti-e-resolved Ipectrn of the” sanplo doped with Na and

Li' (figure 513) shows’ thnt at long dolay ti-os after the lasor pulses,‘

‘»ftuo longor—lived linos énerge. One xs innodxatoly below the Ii line

while the othor lies bolou Il-deop._ The line belou Il, labeled

,Il- opg, was—«observed in only tuo of our sanples. Sinco both Ii~and~£”vr

o Jl—deop havo these associated lines, it seens roasonahlo that thoy are

duo to ' a porturbod vor:ion‘ of the basic acceptor spec1es. The tint»ff

dgcay— of Il—long 15— depicted 1n figuro 5.1:. It shous a do!inite 2

ico.ponont docay uith ‘a very strong long lived (~12 ns) conponent of,

unknoun origin as’ Htlk as an initial faster decay of ~440 ps. For thef S

purposes of figuro 5.2 we havo assu-ed that this inltxal fasterﬁ

component is the . radiativo decay rlte of excitons bound to this'r

/x«
center. It is clear that these louer energy lines cannot be slnple

' rdplicgs of It and Il—deep Ilnce thoy do not havo the nocessary

identical trﬁnsignt charactqristicg,;‘f'
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Figure 5.3 - ] o ‘7 .

A<:sQr1es of si.ulfaneously collected spictrn vhich correspond to.

sequential time windows after the laser pulse. The first time window
shows the very short-lived donor exciton 12 and the polariton

luminescence.. Later time windows reveal the ohérgonce ¢f  the

* perturbed acceptor BE lines labelled I1-long and i-deep-long. The

spectrum for each time window hil been nor.al!zod'tb fh0~;tfgnggct‘~

line.
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A series of sharp éxiton-liko lines Jﬁst below the usual Ca.

accoptor BE lino vas first reportod by Kinzel and Ploog Le. 1] in the

lou—tenperature luninesconce , spectrun ofr high qunlity, prtype ,‘}

- molecular boan opitaxi Ily (MBE) grown GaAs (figuro 6.1). Subsequently-

A

-.ny. ﬁrodps have sfudi"' the intenlity of these lines (henceforth

called the KP. lines) as a function of growth conditions and dopino o

' [6.1-6.5]. Tho tentatlvc ‘result of these investigations was that these _

\

' lines could b'*_dﬂ! *io» the recombination of cxcitoQg boqnd to Ga

vacapcy-crvco-pléxes. This results. is; ‘houe&er,"by no means firmly
eltfblilhod‘ and no adoquato microscopic wmodel of the origin of the

varlous lings of the defcct complex has beon suggestod.»'
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' GaAs MBE 3-14

o >
«KP lines— 2

LUMINESCENCE INTENSITY

1502 meV. - ENERGY 1520 mev

figure 6.1 _ -
; This is a 1.8K ;pec,trun of MBE BaAs ihouing the series of lines

labelled KP below the energy of the usual acceptor BE labelled A°', X.



Thefe ﬁ%ge been some othéivnbdei: ﬁrﬁﬁﬁsed uﬁichrdo'éndiavor'to‘r
explain - tho c;‘et.m of the structur:'inftm KP '171n:e‘ spectral region
(1504-1511 noV).v Eavos and Halliday t6.6] propos.d a nodel in uhich
fhe;ﬁ lines corrogpond to excitons bound to aecoptor pairs uith
differcnt loparltions. The highest energy>line (1511 1 IeV), called'g
would thon corrospond to an isolatod accoptor BE, albeit a deoper one
than thg-rusual C accepﬁor BE in MBE BaAs. The line lowest in energy,
or v, ,(1505;65509}vou1d~th¢n correspond té excitbns:bound~to:nearest
neighbor acceptor pairs. The lifetime of a PE is a-sgnsitivo function--
of ‘bindinglcne;QYfgs,Tl (section,1.3).‘Th;flocglizatiog'enorgy cﬁanges‘

by a factor of ~2 in going from g to v, hence there should be an

easily observable and continuous increase in the lifetimes of the
b VV D% '

lines going from g to v -7 o ‘ - ghs&gr

Roynolds et. al IG.B] have suggested that the KP lines, of uhich

they observo 60 subconﬁonenﬁ\ are discrete DAP recombination lines ,ff,l; -

between Si donors and C acceptors uhich are paired nonrandonly. This
"-nodol is difficult to reconcile with the fact that the KP lines are
quite strong in sanples uhich have virtullly no donor BE or free hole
to donor luminescence fr;n the opilnyor, One qf the characteristics of
DAP.  recombinations is V‘a ' very long lifetime which increases ‘
exponentially with increasing pair separation [6.9] (secfion 1.7).
Thus, this second  model predicts an easily dﬁservahl5;ch|nge~inithef
transient behavior of the KP lines going from the high~energy g fo the

low-energy v line.



The experimentally observed fransient,}pohaVior'of the KP lines
- does not support either of these models. The line g and itsigsiociat;d'
“ lbﬁ-energy shoulder »uefe found to decay viry much like the C acceptor

"BE line. The lou—enorgy KP lines p through v, however, were found to .

have an identical transient behavior which differs substantially from
- that of g, and is much faster thnnv;yptcal bAP rocoablnation‘ra%os.
The fsgnPles used in this study are tgé_sh-e as those reported on
' ,in‘ two previous works [6.4,6.101, These ‘samples  were all
unintentxonally doped p—type samples 3 to 4 microns thick grown by MBE

>anda obtainod from GTE. Some of these sanples, namely, samples 3-4,

- 3-9, énd 3?14, have very slali donor concentrations as evidenced by'
’the single polariton poak and lack of donor BE anine:cenco f6. 10].
These same sa-ples had strong KP lu-inosconce of the same general
- shape aS{that first reported by Kiinzel and Ploqg [6.11. .

The samples gere- immersed in superfluid He - for the
pﬁofoluninescenco measurements. The luniﬁoscenco wvas excited Qiing'tho’

' lodelocked, cavity dumped dye laser system described in chaptor/é with

a repetition rate of 4 Miz and a pulse width of <30 ps operated either
above ché ‘band-gap (3530 nm) or rosqnnhti&“at.thi_polafiton vavel ength

{818 nm). The luminescence wvas analyzed hsingx a double 3/4m -

e

spectrometer and detected by the time correlated phofon counting
system described in section 2.6 and 2.7‘usiﬁgffﬁi'ViFfiﬁ‘VPﬁ”ISBISﬁ””*
photomultiplier. Simultanecusly collected .yino-reuolvdd upoct(a"

collected by the system described in section 2.7 were found to be




— lo,ng‘er‘ lived comonont Iuving a time constant of 26 t 1 ns. The decay

“considerations of lifetime versus binding energy discussed in section
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particularly useful in this experiment. o
A series of :i-é—fgsolvod'} spectra of“»sa-ple 3—4"ustn§fﬂk
-bovo-b.ndeﬁQp .xcit.tioa is _shown in figure 6, 2. rhts‘series of',‘
spoctu, with large 25—nl time - uindous, clearly shows that the
lccoptor E and the g line docay such more quickly than do the linn p

through v, uhich d«:ay with idontical or very nearly identical

lifetim The relativo intonsitios‘ of thm lims do‘not change even

e out “to 180 ﬂl aftor ‘the lanr pulse. Higher spectral rosolution than

that oq:loyod in ﬂgure 6.2 shows th{at the lines fron -p to v whxch are | }
‘unresolved in figure 6.2 also decay identically with the main lines.

-

The luminescence decay curves of some of "t}{ese lines are shoun'in

f_igure" 6.3. The c accﬁtw BE (A°,X) and thej line have identical

lifetines of 1.2 t 0.1 ns vhich follovs the polariton decay at this ©
average pump intensity of ~3500 iHIc.I; At lower puﬂ) povers, 'Qﬁero the
—bolar:tfai-,Adocay—r— rchmnol;—arefnof—ruturgtod,r the g line has a lifetime f

slightly longer thm that of (A°,X), .'is oxpxtgd,fro- the gmeral

1.3. The : top decay curve of figure 6.3 is from the v line aﬁd the

second from the top is from the unr esol ved q,r,s‘ lines. These A'Vliinevs,

a8 well as  the othérs between p and v, have an initial exfponential'

decay time constant of 2.4 £ 0.1 ns follovod byr a fnl'ativoly strong,

curves of all the p through v linu are indistinguilhlblo. Note from

figures 6.2 and 6.3 that both the C acceptor BE (A, x) .nd’tﬁé e

line also have a similar lmg-livod component (v = 24 ¢ 3 m) but that

~ its relative strength is an order of ﬁﬁnitudé‘mkor,' It is assumed
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that the fast components of all these decays, which are wmore

characteristic of difect gap inpurify BE, are the true radiative decay -

ratos, while the long:conpoﬁents‘are-due to the transfer of excitation
-

fro- some unidentified long—lived source.

“The- details of the decay curves depend sonouhat upon tho-

excitation density even in this relatively low power regime prosunably"

due to, waypfqnction ovorlap with other noarby inpurity BE, ‘an effect
which appears to be quite - common in direct gap semiconductors

(section 4.4).  The vgenefal result that ‘g and (A%,X) decay mor ¢

| QUiCkly than p° th'°“°h v, and that all p through v components docay’“""fﬁ o

vl

-
sinilarly, does not houever, depend on the pxcitation density.
Lifetilg neasure-ents reported “by Halliday et. al. [6.11] agree
quh;itatively Qith the above results. Their value for the—g-lino

.,,lifetilé,,is 1.0 ns in close agreenent’uith the result presented here.

C The lifetimes of the lower energy lines were all reported to be ~3 ns

"' and, idenficpl vithin the. quoted margin of error. Hallidayvgg. al.

hou.Ver,Lchoie to . interpret these results alrevidence—f§r~therpaired -

acceptor model. vqyolnick et. al. [6.12] have also repoyfeg,lifetiuéb

neasurements of the KP lines in a sa-pleruﬁich shows a large number of

‘resolved lines. They obtain a lifetime which increases snoothly from a

value of 1.5 ns for the g-line to a value of 12 ns, for the line ..

labelled q (14 in their notation) and all the fcnaining louir,onerﬁy

lines. Aﬂnv the basis of these results Skolnick et. al. argued thatithe'

paired acceptor model is applicable for the highor'éﬁirgy‘lot of Iines

with the line q as the series limit, but that the lower energy lines

have a different origin. Further evidence for this proposal is the -
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'oburvitfon" £6.131 of p i’ﬁﬁ WWWWHW/ 3
'betueon g and -] indicating the acceptor nature of thele linos.»lt isfﬂjf;"’
noteworthy however that no tuo—hole replicas of principle lines louor;::

in onofgy than vp were _discernible. On the otﬁer hand excitation~-g‘f'

-

lpoctroscopy' rosults for portions of the v linof tG.i4l shou'

e

contributions for ,all the higher ,onergy lines, excluding g and itg,

lower energy wing, in approxinately the same ratios as seonfin

iuninoiconce. This lends weight to the .conclusion draun from the‘

time-resolved spoctra that the lines p through v originate fron the

same initial state. If this vere not the case the strong couplingxg

between the 1lines p through v demonstrated by the excitation
spectroscopy would vresult in all the luminescence intensity
originating from the louest»eneroy-line V.

In conclusion, time-resclved lpectroscopy of the KP lines clearly

shows - that - the—tvo nicroscopicwnodels of the KP lines discusscd in ther S —

introduction cannot be applicable for the uhole KP spectrun since both

" would predict a stoady increase in lifotino for the series 9 through v

uhich vas not observed experinentally. It is possible that the, pairod'

acceptor lodel is applicable for the highorlenergy set of lines, but

the weight of experinental ovidence suggests that the lower onergyu '

lines have a difforont, as yet undeterninod, origin.

2%
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Figure 6.2

'Sequenco of spectra recorded during sequcntill 23-ns time vindows

after th¢ sla|or pulse. iftor tho initial fa.t docay of the lccoptor

BE, 'thé sﬁiﬁi'"of ‘the' spectra - remain rqmchangod during later time ,";
windows éﬁt‘ to 175 ns after the laser pulio.fiihoQiaipicftcipqplturof~

was- ~1.6K and the average ogcitation density vas 500 muw/ce* at 590

. A .
. X .. | R
« .
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Figure 6.3

1

Lumineacence décny IQIIUYQ.Cﬂtv of ;solocted 1ines shown in Fig. 6.1

“under identical experimental conditions At this oxcitation density

the lifetimes of the lines afe the following. Q,r,s and vi 2.4 t 0. 1 L

ns short component, 26ns t Ons long co-ponont; (A° X) and g 1. 2ns

t 0. lnl short component 12453 t 3ns long component:

2
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| The resﬁ}t»(of theseitine’re36lved;nhotnlunineﬁcence»nbaervations
is rthat ‘the KP lines conSiét of two. diatinct"grqupsx g.and its f
low—energy wing, and the: lines p through V. This’conclnsion has
'already been reached by Contour et. al. [6.151 on the balis of
" resonant excitation 91th “the suhsequent observation ’of a tuo~hole”;*fff“€;;*%*‘
repfica -(aection 1.3) of g. The acceptor BE two—hole replicas are, in J
general, ﬂdifficuit to observe since they qc;ur in the same spectral |
Trebion as  the  donor-to-acceptor "anq‘ free jeiectronato;acceptot‘ "?#¥f:t?5?
.transitions (section 1.7). Tine-resaived npectroltopf can be ofiunuev
utility here .since the decay of tne too-hole traniitidne must follov
that of the acceptor BE whereas the free-to—bound and donor—acceptor
pair transitions in this region have a Adetay'tine of hundreds of

A

nanoseconds. By setting short tine uindous, is possible to

L . : - e
‘ discrininate against the unuanted, long—lived luninescence.v o :

(1.3 ns) wvindows and resonant excitation of the polaritons "ise
presented in fig. 3. On the top left for conparison, is |houn thev
0-1.3 ns spectrum of a netal organic chenical vapor depo:ition (HOCVD)
salple which does not exhibit any KP luninescence. It shoun only the
regular C acceptor 18—28 (1493.7 meV) and 18-38 (1489 g neV) two—hole

transitions. The HBE ‘ sanples which have KP luminescence show

- additional short-iived'luninescence featuresrat~i49418—and 1497f07nevf7

The intensity of both of these peaks correlatel with the intensity of

the ¢ line in the sgries of spectra extending to longer delay times. _—
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—-The 1ntonsitiosfAoiAthose_peaks,rclativeutogthogg,line_uetegalsogiound"

to be constant amnong the ‘MBE snnples. This, as uell as the. absence of

these lines in the MOCVD sample, ind!qates- that these lines are

:replicagv of 4g;v We havérinthprctqd_the.1497.01-ev line as the 15-28

replica 'nnd,the 1498.8 eV l!ne are’th -38 rnplicn. Contour et. al.

{6.131, uho observed a bro-d pea&é around 1497 and a sharp line at

1497 8 neV interpreted 'the' 1494 8 meV line as the IS-2S“transztibhir

and the 1497 meV peak as the free electron to g—acceptor transitxon.
Our transieht relults, however, clearly show that the 1497 !ev peak
cannot he>fn; free—to—bound transition since the ‘decay of such a
transition follows the free-elecfron populat!on,ruh!ch is nuéh 10nggr
livod as evidenced by tht slow  §ecay* of tﬁg free electron to

C-acceptor transition (e-AD, figure 6.4). 'The"neu' issignqeht' of

these replicas puts the 15—2ﬁﬁ::r;gxldiffer¢nco of the g acceptor at

,‘14?0 meV and the !§i§3W”9ﬂ?fw¥L,gfff?"ﬁée at 1523§‘?91,¥9’9!{"9,?;,

simple hydrogenic model (section 1.35), this gives a g-acceptorrbihding

~energy of '~18.5 neV, considerably less than the 22.9 meV deduced by :

Contour et. al. [6.15] or the 26.0 meV of the C acceptor. [6.16]

In conclusion the 1line g was determined on the basis of its

transient behavior and the observed two-hole transitions to be due to

an acceptor BE, confirming a previously published result on:the nature:

of g [6.15]. However, the binding energy of g was found to be only

~18.5 wmweV, rather than the 22.9 meV previously reported, [5.15] on the

basis of a reinterpretation of the observed replicas of g.
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' . - 1484 PHOTQN ENERG‘Y (meV) J1ste
: Series of spectra with ﬁsquential 1 3—ns windous after the lasmer
. pulse, The early windovs !how the BE fntures uhile the later ones
' show the rise of the donor and free electerto—accqptor transitions
(DAP and e - A°). A spectrrﬁ- of‘m“m*samle is shown in>the top
-left corner for coqmnson Thcn spcctu uere rccordod by resonantly

pulp’ing the polariton ) ui»th an'average excitation dmsity of

~20mb/cm= at a [sa-ple"te-per;ture of 1.60(. The two—holc roplicn of

the principal C-and g_—accoptdr BE pchks '(A°,X and g rnpoctivoly)

are labelled 1s-2s or 1s-3s depending on the final acceptor state.



”exists ‘a strong* coupling of FE with photons of ‘the same energy

FPIE

In direct gap seniconductors "with dipole active excxtons there

resulting in mixed modes called polaritons £7.11 (section 1.6). The

nature of the poleriton daspersion relation »(figure 1. la) has a

v-t7,i,7.21,;‘ No—phonon, polariton luninescence results fron those

pplaritohs, Uhi;h upon reaching the surface,; are 'converted into

. -

photons _external to the _crystal. Thus, a theoretical description of‘

polariton iuninescence becomes a transport proble- t7 3] This

i"tYPQ9¢9’,, cdqgidereble conplexity to the description rof the o :

luminescence, with the9 net result that the experinentally observed

no~phonon polariton t lunine:cence liheshape ’doé; not necessarily,:,;efu,"i

reflect the population distribution of polaritons inside the cryqtel..

The, usual experi-entally observed exciton~polariton spectrun is a
dbuhlet,: retﬁer than the singlet expected fronAthe quasi-eddilibriated
poleriton population ebove the knee in the lower branch of the

dispersion curve [7.4]. This doublet structure has been intergreted'in

nany ua}s.< Gross et. al. [7.5] explained the higher energy polariton

peak in Cd8 as arising from a minisum in"the”reftectivify'uf*the"’*"W

sur face at tﬁis energy. Sell et. al. [7.6] attributed thé doublet

~polariton spectrum in BaAs to emission from the two polariton
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buth—Mhmﬁhdy4deM&%n$nm“ﬂﬁﬂM4wmhﬁwﬂ
froe-electron scattering [7 7}, or to intrinsic reabsorption - (-oaning
scattering from phonons ([7.2,7.8]) of polaritons moving towards the
surface [7.9—7.11]. It has also been suggestod that polarifon_iupuritf
scattering is the doninant scattering nechanisn at low tonperaturesm

£7.12]. Recently it has been exporilentally shown that elastic noutrai;r

dbhbr scattering has a narkod"effect on thc poiaritdn lu.inelcenco

lineshape [7.13—7.15],‘ and is consequently the scattoring nochanilu

‘ responsible fbr the ‘reabsorptidn', vhere ‘a‘sorption' is here brd;diyk’
defined as requirihgi Sﬁiy' a change in direction of the polaritons.
Very retontiy Schultheis and Tu £7.16] have instead suggested that the
dip in the polariton spectrum is due to ahsorpfi;n caused by a surface
electric field -odified polariton resonance.xProsdntid horo.is sOme
experimental evidence which makes this last explanation unlikely for

~ the ,sgipigs,,uggquinWAghi;ﬂwqug,f An altornative explanation of the
experinentél r§sults of Schultheis and Tu will be suggested. However,
it is important to understand the complexity of~thqurobl§n~andfhenco
the limitations of a simplified model. Any nochanis-;uhich aifectf the
transport of pofﬁritons to the sanple 'iurface, the probability of
transmission at the surface, the spatial distribu%ion of polaritons int
the crystal or the polariton energy distribution can influonce the tho :
observod ~polar1ton' luminescence.. Consequontly,. one can expect great
variations in the observed emission with different sasples, sur face

preparation orrexpéfiiental conditions.
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The photoluninescence }ues excited tusing ther lodelocked

synchronously punped dye leser’ systen described in chepter 2. This

’-resulted in <10 ps ‘pulses, at either 590 nm, well ebove the gap of -

Bens, _ eround 820 ns for resonent excitation, by using the laser

dyes RSB and ‘styril 9 respectively. The intrinsic repetition rate of

ao Mhz set by the ion leser cevity length was reduced to 4 th using a

cavity dusper (section 2 5). The leser pulse trein was directed onto o

. the front surfece of a HBE BeAs crystel ilsersed in superfluid He. The

~resultant luninescence was analyzed using the data achisition systen o

described in sectiOns 2.6 and 2.7. The red response of the Hannanatsu

micro—channel plate photouultipli’er R1294u—01 proved '_to,:;;'be

insufficient ,fo; the BaAs work necessitating the use of the Verien .

rphoto-ultiplier (VPHISBAB)'~with7vits**louer tile resolution~{section
2 6). The incident excitation density on the senples hld to be kept

belou about lﬂlclﬁ in order to resolve the the different BE ‘lines.



]

the shape of the polariton luminescence doponds strongly on the

nootral _donor concentration. A series of spectra- of samples with
progressively smaller donor concentrations as evidenced by the reduced

donor BE - and free hole---to neutral d"or (D° h) llno intonsitie —is

Uslng CH photoluninescence Kotoles et. al. [7.13] have shoun that

o digplayed‘ in figure 7.1. This set of sanples (de:cribed ln section

6.3) showed a change fron the usual doublet to a narrow single line as

the donor concentrationr was decreased. The results of time resolved -

neosurenenféi?on the sone serios of samples are presented here,‘Figur‘f

7.2b depicts al series of time reoolved spectra of a sample having an
inferneﬂiétoéihgutral‘ donor concentrotion (MBE 3-14) which, under CW

excitation, exhibits only a single polariton peak. Noto the evolution

of the polariton lineshape from a doublet, at short delay times after

even lower donor conoentrqtions, such I; HBE\S—Q'hlve only a 5inole

k.

peak at all times (figure 7.2¢), Uheroas others with greater donor

concenfrations (eqg. MBE 3—3) alvays have a doublet regardloll of ‘the
time delay (figure 7.2a). For the saaple with an internodiato donor
’concentration tne‘ singlet line shape is observed vhen the laser punp
density is reduced as lhoun ln figure 7.3b. Pumping the n=2 oxcltod

state of the polariton, juot beloy‘the band-gap results in a singlet

polariton, peak in all samples, even those with rolntiyhlywlgrgg donor

concentrations (figure 7.3a). Careful oasorvatlon-~o{,tho transient

luminescence curves (figure 7.4) shows that the dip.il due to a slowver
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buildup of the ﬂﬁgggzgqqgrlgnlnesconce in this energy region, fathprv'

than to a difference in luminescence decay rate. The polaritons in the »
energy region of the dib are -thus delayed in their‘nrrival at the
surflcé‘yitﬁ respect to polaritons of adjacentfénergiés. o -_‘ 1 >
N
ot
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figure 7.1

These are CHW spectri of a set of MBE »BM: mlﬁ"with progrﬁsivoly

donor . BE (D°,X) and free hole to neutral donor (D°,h) lines, as

compared to the polariton (X) and acceptor E:(A°,X) li@
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figure 7.2
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A - series of time-resolved spettra using 0.5 n; windows of 3 different
, 9 :

¢

”nﬁgln vith decreasing neutral donor concmtration going from A) to

C). Sample toﬂnntﬁre vas 41.80( and the average excitation donsity‘

was 3500 /cm® corresponding to a peak power of ~10kultn’. B)

shous the) time evolution of the dip in a %lg uith'nodqrate neutral

donor concentration. The energy scales for the three sets of spectra

are identical to the one given for the central set.

4
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‘A, MBE3-8  |B)  MBE3-14

above gap

Photoluminescence Intensity.

a2 ] 2

15145 meV  1516.5 15T4.5 meV 15165

figure 7.3 Photoluminescence Energy

A) compares the exciton—polariton spdctu vhen the sample vas excited

by above and below band—gap radiition. ‘I’hovtop’ spectrum vas collected

while pumping above the gap with ~an excitation density of ~300
wH/cm=  with. the sample immersed in supoffluid He. The bottom
spectrum ' was collocted under identical _oxpc'ribe'ntal conditions except

that the first oxcited state of the polariton vas ruonmtly pumped.

B) dQlCI'IItrthI tho effect of oxcitatim doniityon “the polaruon""'”:

spectrum. The top- and bottom spectra vere collocted using avorago

excitation densities of Zlvllc-’ and 200 mh/cw? rospoctivoly.
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MBE 3-14
T=1.8K

Photoluminescence ‘Intensi‘ty

| Time (ns) '
figure 7.4

L4

B

These traces are the leasurod,'ting:ﬁipendont photoluiinoscenﬁe curves

in the polariton energy region. The top right insert shows the 0.5-1.0

ns spectrum of MBE 3-14 as in figure 7.2, indicating at which energies
the three mneasurements were done. a) below thovdib iﬁ*:hprgy b)vat

the dip energy c) -ahove the dip in energy

*,



The inpurity elastic scattering cro:s soction for polaritons can

be deternined from the bare FE cross soction as Pointod out by

Hopfield [7.17]. Using Forli'l goldoﬂ rulo the differontinl bare

exciton scattering cross soction can be vritton as [7. 17]

de 20

= IKkP VIR I pCk?y gy

dQ v

vhere v, is' the mechanical exciton kvelocity.,‘Fbr elastic, s-vave

gcattering, the matrix element depends only on the énerdyvof the

exciton. The total‘sci ering cross section caﬂ;thﬁs bg Urittdn as

. T - S N
| f.(E) v IKEIVIE> |2 (E)

7.2

. ,
4I<EIVIE>Iu-i¥$—;

For polariton scattering there are, in.qeneral, two blﬂdl for. a

given energy and thus elastic,‘intcr-band lcattcring is posslble. The

polariton elastic scattering cross section can be written as

R

ees (E) = —%1'— IKEIVIE> In e (E)
I Va

- gt
= 4I<EIVIE>IpW

7.3
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. Here i and r are the initial-and final state band indices. The matrix
element, velocity 'and density of stafééwnowicbrfeSbond to polariton,
rather than bare extitonvduantities. TherBliritdn'group velocity and

final density of states -

1 k1 (E) .
v W) i |

P(E) =

_can be calculated from the dispersion rglationv(eqqation‘1.63). The
polariton scattering matrix element is” rélatod‘tojthd bare exciton

~matrix element by

. é:
B ) ) N e Y S - Al e T ” oL e
KEIVIEY|p = IKEcIVIEW> |« I#(r,i) | e ' 7.5

M

Where #(r,i) corresponds to the overlap of the exciton pdrtion of'tﬁe
~initial and final state polariton wavefunctions.

#(r,i) can be evaluated using Hopfield’s [7.11 c parameters

(7.18,7.19]1.

!(r,i)"!,szLE;,kt)sz(E';k,) t,c{q‘EL,kL)ciﬂSErlkul;,u:,m,,m 7.6

The ralevant c parameters [7.11] are
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Cia = sz (1_+€—,) 7.8
el _su v o 7.9
| €O 1 —€at)r 4 agrdt
- €2) i
Cas = Caz are 7.10.
'Ip the above eqdaﬁidﬁsr_v '  ff'

“‘Pﬁwmﬂ .€x=Pﬁwﬁﬂ. €2 = [y

-~

vhere E_v, E+(k), E:. and Ez are the longitudinal ~transverse
energy splitting, the kinetic- energy‘“of the uncoupled transverse
exciton of wvavevector k, the lower branch (LPB).polhriton energy and

the upper branch (UPB) polariton energy reipcctivoly. Tho overlap

squared of the exciton portion of thoruavcfunetionfwas—#eund;togbe

essentially equal to 1 in the uhole regioﬂ of 1nt0r0|t, for both inter

and intra-band scnttering. The polariton unvefunction is thus al-ost



- calculated from the above cross sections using

i
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conpléfity'OXEIfaﬁ-ifﬁif“&ﬁf”fti”group veld ity is not (7.17). = - T
Ew is the kinetic energy of the initial polariton given by .

*

Ek;llz!uVA'- Equationv7.3'ciﬁ‘thus be rewritten as

oa () --;.ceg>() B ] TS 7.11

where ki and ,9; are the bare 'excitoni'uavevector and velocity,

réipcctively. The matrix element is evaluated for the kinetic energy

—

of the incident polariton.'Hence vx=v:; and equation 7.11 becomes

’rg(E) = "u(huviz) ( k‘ Ve (E) | o

Again ku(E) and vu(E) are calculated for a given polariton energy

and branch . using equation 1.63. The transition ra{és' Prs- are

PesE) = Nowy o (EIva(E) | 7.13

where No is the density of scattering centers and vi(E) is the

velocity of the incident polaritons.

-7 T Lee et. al. [7.141 have calculated the exciton elastic scattering
cross section using partial wave analysis. These results indicated

that s-vave scattering is predominant and that neutral donor



scattering is at loaqiifan order of nagnitude largor than noutral )
acceptor scattering at all energios.‘ This relult is rqasonablo on v>i;?/;'rg
physical = grounds. Since the donor binding onergy in GIAI is nuchk~:%';?g :?;f

smaller than the acceptor binding energy, the noutral dOnOV;;ly
wavefunction is nuch more extended in space, and hence should provide”ﬁff?;fiﬁ

a- larger scattering cross section. Using'the bare exciton f atteringii/; :i,liv'

) cross section for ncutrat’donors calculated by Lee et. al.: 7 14] andff%fi%ff“
o equations 7.12-7.13 as well as iinﬁident'velocitiol,;alculated tro. |
7~equation 1.63 résults in the iranéitidn raiés depictid,in figuroi?.ﬁf,;‘
jfor'a scattering center density of 10*®/cn. - jiff B . T

| The neutral donor scattering cross section for polgfitbnl '7
obtaihed byidividing'the scattering raterdepicted in figure 7.3 by the .
group velocity, has a peik in the bottleni;k region, uhich; codpled B
with the saallerirgroup Velocity iﬁ thi;fenergy region, results in a

delay ih the arrival of these polaritons at the sur face. The arrival

' delay of ballistic polar:tons in the dip region due to the reductionr
in group velocity alone, as uight be the case in very lightly dopod
samples, is beyond the experilental time resolution since tho bulk of
the 1nitial polariton population is foruod vithin 1 um. In Ccu
iu-inescence, this creates a dip in the exciton—polariton spectrum of
samples vith large donor concentrations, sinco ‘on their slovcr Journeyr
to the sample surface inelastic scattering or trapping nochlnilns haveyﬂ
more time ‘ to dopopulate polaritons in this energy 'rogion. In

tine—resoivedr photolunineseeneor houever, this naehanisngcan - &

~time dependent ‘dip in wore lightly dopod_sauples. At short times wmore

of the faster travelling, .less scattered polaritons above and below
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tbc dip energy region reach the surface. At longer times the the more

| populous polaritons in tho:dip energy region reachvthe sur face, giving

sriso to a spoctru- mor e indicativo of tho population distribution. In

: thele noro lightly doped samples, even the polaritons in thaAdipi

t onorgy ragion roach the surface before being inolasticaily scatterad '

out' of this enorgy region. Unlike the W luninescénce case, the‘

7'xi't."c' °' th' dip in  these Illples does not ‘depend on inelastic =

scattering nechonisns, but on the arrival delay offtho,dip region
l'polafiton;. For kvery small neutral oonor concentrations_ ali tho
polaritons diffuse rapidly and no dip is observed, even at short time
doiaya; ﬂAIItHQ excitation density of above band gap light is increased

the ‘number of photoégonorated free carriers is increased. This scxeens

the Coulomb interaction, hindering polariton fornation near the
4

lurfaco. The bulk of the polariton distribution thus ends up further

from the sample surface. The observation that the nagnitude of the dipwa* -

increases with increasing excitation density can be'qualitatiyély’

oxplainad in this way Iinoe\thékcentroid of the—poiariton~diatrioution

is nou farther from the sample surface and consoquently the difference

in arrival tilo at the surface botuoon tho dip energy region

&

polaritonl and polaritons higher and iover‘ in- tﬂtng'iS onhancad.«
Similarly, below 9ap. excitation, re:onantly croating n-2 polaritons; 'i
results in an initial diltribution closor to tho surface‘kince there

is now no free carrier screaning to hindor.polariton formation. Such a

distribution, uith many more polaritons close to the lurface, rasultl

in a much reduced arrival dolay at’ the surface of polaritons of all

énergies. This results in a single peak polariton spoctru-, ‘even for

%
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‘Saiblei*”ﬁinﬁﬁwriﬁbﬁfiﬁfiii”’dﬁﬁor coﬁfiﬁtritiaﬁi“*Thi‘if?ift*ﬁf‘th.

1nitial distribution on the obsorved exciton-polariton linoshapo hn

| also been- studied using o excitation [7.15).
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figure 7.5

The scattering rates r.. from the initial branch i to the final
branch r for a neutral donor concmt‘rltionu of 10'®%/cw®. The

indicies 1 and 2 refar to the LPB and UPB respectively.
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A wmodel of polariton luminescence using a time dependent

Boltzmann equation. - and considering only elastic n'utrgi donor

scattering was ;onstrucfed; ' This model intrinsically allows for

multiple scattering events in contrgit to provioqs. trdatnontq‘o!'

polariton luminescence with neutral donor scattering under CW

excitation [7.13-7.15). The observed photon intensity, I(E,t) is given -

by the equation - ) b
| | dOeE) e
1(E, TIQUEIDE = JTu(E, D) (v (E, @) +DNe (x=0,yu (E), ) ————dE 7.14
 b=1,2 T B |

Here b is the branch index, no the refractivq index calculated from

equation 1.63, To(E,@ is the transmissivity of the,surf¢c91:!p<551 B

is the polariton group velocity, Ng({=0,v.(E)jt)f‘is'the polariton
‘number density distribution function- atfth0~|;-plo?iurfhce'andfﬁmis
fho angular direction of detection. '

The transmission function of the LPB dicroasjl rapidly aboyo E.
whereas the transmission of"th;' UPB increases (soction‘ 7.6).
Luninescence from the enorﬁy ‘region abovo E_ is thus primarily from
the UPB. The polarifons of the upper gfanch, dgo to their large

velotity and small scattering cross section,~provido‘a path whereby

LPB polaritons can rapidly escape the crystal if a mechanisa for

populating” the UPB states exivis. This scattering mechanisa is

.

provided by elastic neutral donor scatteri

In a crystal vith a



targe Aneutratf—donor—*concentrettoni Apo}ar%tensygbeth#abeve#andgbe}eu

the dip energy region, heve a means of rapidly reeching the'sa-ple -

'surface,' wher eas the dip polaritons are delayed’ in reaching the

‘surface. This results in a doublet line shape. In u-f;hx with lower
iAnthral' donor concentrations,A dip polaritons reach the surface uore

easily, uhile higher energy LPB polaritons cannot easily be scattered

to the UPB,, hindering their escape ’ron the crystal resulting in a

-

uingle polariton peek.
Al has beeﬁ*pd}gted out by Travnikov and ervolapchuk [7;3] for
d

the cu tine indep t case, the solution of equetion 7 14 hinges on

_celculeting, the, d;ltrxbution function N at the sample surface. In

~ other uords ‘the luqineséence problem boils down to a polariton

trnneport‘vproblel. Considering only one branch for the moment, the

: tine' dependent Boltzmann equation for .the distribution function N can

be written as e R et
NG e RS Nex, s ) |
at = I xX,¥', - N(x;y,t)1Q(y’,v)d3v' - !°V;N(r,!,t) - 7.18

Here Q(y',y) is the scettering rate of polaritons from velocity v to

velocity“!' Bince only isotropic, elastic pure s-wave: 'scattering wxll
be considered, Q is independent'of the directions 0(1 1Y) = rE). For
. a semi-infinite cryitel only notion perpenaieular to the gample

sur face is important. This ellous equation 7. 15 to be transforned into

a quasi-1-dimensional equation o ‘
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- ,,‘ ,,r _ P __ - - i _
p | Mﬁ:—'ﬁﬁ—’ = F(E) JIN(x,E, 07,£)q(6,0") - N(x,E,0,t)q(e",0)1de *
| o R R 2

- vcos® dN(x,E,0,t)
dx - ‘,

b

———

07 is the angie between the direction of polarit ‘;bropagation and the
'poﬁitivéwﬂxeaxis,,uhich,ﬂpoints,ﬂinto mtho,cryttaf-:r;isﬁthemscnttotingW7W”bm;ﬁ;WAJf
rate, while q 'is ther angular dependence of thel_scitforiﬁg rate
introduced by the geometrical factors reiulting ffon the change in
variables. Sinéc onljﬁ ,el;;tié¢ §;atterihg;‘is,”bging  considered t;
polaritons of"&(ffefént_enérﬁiii are not coupled by equation 7;16 aﬁd

. hence, equiti?njé7.!6‘ can be:.separatflx 'caiculated for each engrd}
value. The 'e;plri;‘cit‘- eﬁ&ry»y?."dcpén&mco ~vill be dropped from the
equ:tion."For s-wave scattering q(e 0') cah be simply ovaluatodlby,
consndering the fraction of the total 4w solid angle reprosonted byi

_the final polariton diroction 6. Hence q b&fones

, §$k\§zﬁﬁ¢/43i//%7f L

) . - ° B ; ' _,w"’"’mm“h'“‘“w
q(e’e’ )d‘e = M = !. si nwo » 7- 17 Jfﬁg - i
. . 4 -2 : , ) P

.

q is “ho longer symmetric in this space and only doponds on the final

gle. Equation 7.16 can thus bo rewritten in the form

oy

. , ‘—’"—‘-3—:311’— = rsin(@)8(x,t) - (F+1/1N(x,0,t) - vc0s(0) dﬂ_‘;:&..  7.18



where 8(x,t) is given by
w - . . ’ . S - ,\\ .
atx,t) = £N(x,‘0',t)d0' | | BT Xt

M0 energy independent _ trapping tern, cortsééem!!nn,,29,#,:‘;,,29?,‘9;
N exponential decay with a phenomenclogical trnppingvtiﬁi T, has been
added to rthe lﬁss term in equation 7.18. However being energy
independent, it ;annot cbgng@ the shape of'thg;qbquvedrpplarigpﬂ
distribution. Rrintroducing the.second polhri@on brancﬁ, and allduing
for inter-branch s;atte;ing changes equation 7.18 into two coupled

equations for enefgies above E.

dN2(x,6,8) _ 1 00 ,-,,aacx,tm-,,a,(x,t)) = (F11+M2141/7IN: (x,0,¢)

dt . 2

dx
‘ 7.20
sz(:zelt) = % 8iné® rz;B;(x,t)+rzzaz(x,t)) - (P22t"12+1/7IN1 (x,0,t)

- vacose INa(x,0;t)

where I',, is the transition rate from initial branch i to final

branch r calcualted from the cross section using ’fquiﬁﬁ 7.13. This -

set of equations was solved numerically, for a number of energ{os in
. . 7 . .

the polariton region of the spectrym, vith different neutral donor

/ . L/



concentrations.

To solve this equation, one needs to assume a reesoneble initiel;

distribution function No. This initiel distribution - is conpletelyv'

unknoun, but the qualitative results are not greetly dependent on the

'functionel forn chosen for the distribution. The lpatiel distribution

”t:should be peeked in the bulk of the senple, uith all directions of ~

. propegetion Aequally ﬂrobeble, uhile the energy diitribution ehouid beﬁef

peaked in the knee region. For sinplicity, No hee been eeluned to be

\eeperable into an energy'distribution and‘a_spatiel distribution [7.3)

N

given by , ii;;t,e,,,

»

nix) = LoiL (exp(—x/Ld) -:exp(-x/L;)) «  7T.21a
8 . -

Here Lo is the characteristic generetion length of free cerriers by

7the inciient light and L; is ‘the surfece reconoxﬁetion length of

free carriers duer to free cerrier traps et the eaeple surfece Uhich -

deplete the carrier concentretion near the surface and hence ello the

polariton ddhsity. A Buessxen energy distribution

v _ EW (E-E.)? B |
— n(E) Tn exp( Bt 11 R ' 7.21b

peaked at E- and of width E. vas assumed. . ot



In order to caltulate the polafitoh luminescence frdn‘equptish ;;: }f

- 7.14 an  expression /for the energy and branch depondgntntrans.isggphy":

function is needed. [ The “existence of the two -polariton branches

complicates the calculation of the transmission function since the

e N

~ Fresnel  equations no longer provide sufficient boundary conditions.

Additional boundary conditions ) (ABC) uust be supplied [7.201.

Following Askary and Yu [7.4,7.191 the transnission and reflection

coefficients have been calculatod using the Pekar ABC [7 211. The T

goneralized reflection coefficient is given by

-

e 1B oGl | o
. = X8 /XS] L ] o ; C 7.22 i

vhere § is a generalized Poynting vector appropriate for polaritonsf'ra

and x is a unit vector perpendicular to tho surface. " is tho initialp”~??”~‘>5*ﬁx~

branch index and w' is final branchpindgx- n!zn:corrfsppnds,to pure.pg'f
, SR P
reflection into the same branch while m’=0 corresponds to tranmission - }

into external photons. For the external photons the Poyntinp_veétor‘is

given by [7.22]

q-,'

For the polaritons there is an additionaIJ-ochiﬁichI contribution from

B

18012 Ko - S X 1

¢ e e T



" polaritons the Poynting_vector is given by_ ; _ T s

and the UPB Poynting vectoris -~ -~ — -

Pag§4f§3'

» the partial exciton nature to the Poynting voctor f7 193. Thul for LPB

L

§1 = o 181 12Re(ka I (1 ~ Wu/Y%2) B 7.24

-

et i o ‘ S i L
B = Grat 18RRI - Rk P

vhere % = (ni? - €o) is the. polorizability. ror-si-plicty the .
polarization of the polaritons vas taken to !ie always in the pllne of .-

the interface thus allouzng this silplifiea\ungoblen to be solved
*hr .

without keeping track of a- population ‘of longitudinal ,oxcltonl.~ :‘ ( ‘

Consider a LPB wave polarzzed in tho plane of the interfa:e incidont
on the surface. The continuity of the tangential component of & across

(T T e
the interface gives the condition - I

£o m 81 + €1 + 782 ’ . - 7.2‘é

. fla

where ie i&anthe elozéric field of the component reflected back into

the LPB. The continuity of the tlnggntinl,cogponant of Hggivos v

!

, 5} ' ’ , i ol
\( koco80o = k1c080;(8,-8:n) ~ k2cO802 7.27 S

\
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f’f : ' ‘ N ' : s ¢
ﬁ’;v The Pekar ABC ([7.21] which states that the yoctot: sum of the
polarizations at the interface should be zero yields  the final
condition . -
> , )
B ) i
© (a2 €o) (E1#€an) + (Na—€0)Ez = O 7.28
The angles in equation 7.27 are found from Snell’s law — : i
. l R - 1
 -koBin@o = k15in@: = k28in6z = kiesin®ie . 7.29
. .\ . ] '
) mfinin?' qo=koc 0860 - act., a=fo/ 81, ‘b=8im/8a and
c=82/8, allows equations 7.26-7.28 to be written as
a=1+b+c _ - !
Qoa = qu(1-b) - Q¢ . . | 7.30

with solution e o | g \\



2% Tqz - q"le'x, + qou --'x,/'xm L
P 7 ‘;jl 4
N ol — Uel%s) = Qa(Ka/%) PR .3
(a2 - Q1%=/%: + Qo(1 - %=/%)1 - IR
c = E 2q,
{q= - q;‘le‘X; + Qo(l ~ ‘leﬂ;)]

" The squares of these coefiéient:, when lubstituted_ in equetion:

7.23-7.29 and subsequently in equation 7.22, gives the probahility of .

transnission as a photon or reflection as a poleriton into one of the‘

two branches. Care must be taken Uhen evaluating the squares of the:e‘

7coefficients sin:e the q coefficient: can be complex depending on the

energy region and the angles. The calculated generalized reflection

coefficients,for normal incidence are displayed in figure 7 6
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a) is the percent of the incident polaritons of normal incidence

transmitted as external photons using the Pekar ABC

b) is the percent of the incidont' polaritons of normal incidence

reflected into the LPB

c) as b) but reflected into the UPB




Equations 7.20 can be written in finite difference form and
A ;

solved numerically. At the interface th(AUPaiahd!LPB distributions
must be adjusted for those polaritons which are fif}octod (ltctidn

7.5). The chosen time increment wmust be small oﬁngh to avoid

, instabilities in the saJe’i&a;’"i@t’;mi ties can arrise if for example
) the tin? increaQnt is long enough that particles‘beyondufh§iﬁ§irol€
neighbou} cell can reach the current teli. To avoid this situation the -
folloQing ‘co;\ditibh ‘on the spatial and time iRcreménts .i.’ufs"t" Z’Eé“

satisfied

<1 R | 7.32

In 1this case Vv is the maximum polariton velocity Uitﬁinitﬁq enéfby\
range of interest. Similarly the time increment uustrnof,bé;;b long;ag,”,W” ” 1WW;;,
to allow vuore than a small fraction, say 5%, of the total nusber of
polaritons within a cell to be scattered during one tin&lincrqncnt.u
- For n?utral donor scattering. center .densities not exceeding 10‘;
equation 7.32 represents the nor; restrictive condition.
ﬂ The _proce;dure for evaluating equations 7.20 is as follows. First

the wavevectors “and velocities of both polariton branches are .

calculated from eguation 1.63 for the current Gﬂifyyv(bnty"for“thi“tPB
if E<E.). The surface‘ transmission and reflection coefficients for

all angles are calculated next foliowed by the transition rates r for -—

-
o



"~ the turront' tntrgy.u'fot* tht*tnttttf*

';docay curvoi have been calculated for the uhole polariton spoctrun.’A

thon alloued to evolve in ti-e in accordance with equations 7. 20. For

oach ti-o incrclont the nunber of polaritons transnitted through the

7’;urfnce il saved, thus buildiny u a decay curve for that particular

onorgy.‘ This is _then ropeatod for ~the next polariton cnergy until‘

series o! tine-resolvod spectra, for conparison with exporinent, are
then ’gme’rated by ,convoluting these calculated luninesce"nce curves

with a relliltic instrunont response and sunni 9 the lunlnesccnce for

the duration of the desired time windous Tho resultl for threor

‘diffcront noutral donor conc.ntrations are depicted in f:ﬂure 7.7. The

paraneteng used to generate these spectra are:

. Mexn = 0.55mo

€o®12.8. . ey

Ecr = 0.07 meV
ET = 1515.3 meV
 EP = 1515.35 meV
EW = 0.5 meV S o
Lo = 1.0 um |

L1 =o.n'-l.

Lo was set to the approxinate above band gap abiorption length of .

GaAs while L. was arbitrarily let to 0.25 u-, a value uhich produced

‘results resembling the experimental observations in figure 7.2.



-

. since a- shor sur face reconbination length would”™ reduce the time ol

It is clear that the polariton lpectrun depends drastically on

the initial population distribution of polaritons.v If tne sur face
reconbinétion length. L, were reduced then there uould be a decreased
‘time dependent dip, since there wolild be a grehter nusber of

polaritons of all energies at ‘the sur face, lelding to instlntaneous**

‘luuinescence at all polariton energies. The poliriton spatial :

distribution uould also ‘have a large effect in CW photoluminelcence,

available for the inelastic scattering mechanisms to redu;e the nunber

of dip energy region polaritons reaching the surface. Tne effects of

" surface preparation [7.16,7.231 on the luninelcencen-pectrun can be

dip. Tnisrreffect.can,easily be explained, as was done by the authors,
- bt , :

\‘_/”

explained in this way. Cleavage-ofma»GaAs sanple in‘ultra high VAacCUUM

£7.231 causes a disappearance of the dip during luninescence'

measurements, although ) subsequent exposure to air reestablishes the

by invoking surface states. Since the'nunber of surface trepe after
cleivage in UHV is far less, L, will be decreased. The important
effect of the spatial distribution of polaritons vas also realiﬁ\\ by
Weisbuch Ulbrich [7 101 in the interpretation of their
prﬁfIIQHtlggd:E:::::. The effect of surface electrfc field on the

dglariton line shape [7.16] can also be interpreted along these line'.

The observed dip increases with increasing electric ﬁfeldmtl.iﬁlhlhew

surface field separates” the vphoto generaied holes and electrons

hindering polariton formation in the surface region. This upgid serve



to incnne Le b;L a. diuanmhanin,_huLuitthLsaaLiiml

- nodified poiariton resonance near the surface. Dur experiaental

~ polariton spectrum is established after long enough delays regardless

-result of increasing the distance to the surface for all polaritons,_

and hence allouing increasod scattering for those in the bottleneckv
onergy region. Schultheis and Tu t7.16] have houever argued that theirl;'s

results should be iinterpreted as arising due to an electric fxeld'f“

| 'results shou that this nechanisu is not applicablerin our saaples.‘

Figure 7.36 shows the disappearance of the dip with decreased'

'excitation pouer. Their proposed nechanisa would predict the opposite,

since an Lnglgggg‘ in excxtation density uould generate more free k
carriers which would discharge the deep surface traps responsible for N
the surface electric field, resulting in a reduced dip, 3 |

The vresults of the Boltzmann equation model do\“not exactly ['

reproduce the experimental spectra. The main reason for the

_discrepancy is the omission of inelastic scattering ﬁrocesseb in the,,ﬁc”,;cifcc;

wodel. This is not a rigorously Justifiable siaplification since“
inelastic scattering processes - tend to repopulate those polaritons'* R
below the bottleneck, and in {he UPB, which rapidly_exit the crystal.

The oaission of these processes'results in the calculated peaks beinob

too narrow at long times, particularly for the low donor concentration

case. Furthermore, with only elastic scattering, the single peak

S

of the neutral donor concentration since elastic scattering can only

delay the arrival time of the polaritons at the surface, but not

rodistribute the population. A complete theory would also require a

- more realistic initial energy distribution, calculated using inelastic
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scattering ratés. Nevertheless, these results clearly illustrate the

inﬁortant effect of el;stiﬁ neutral donor scattorfngxlon tho-tin§

évoiution ;of fhe exciton—poiarifoﬂ photéluninosciﬁﬁo 'linoshﬂpo of ”“

GaAs. We would like to reiterate however, that polaritoﬁ lu-inosgonqo‘

is "a  complicated traﬁsport proble#r with non-trivial.,boundafy "
conditions.. Consequently,\ any ngchanisn “that affo&ti the initial
distribution< 0ithorffin~fspacef or4~1nr—en¢rgy,f;thohit:aniportwoffthg;h77;W7”ﬂ;f;;
'polaritons in‘ the crystal;v or the nature of thovcryifal boundary N
itself can affect the experinentilly observéd pélaritonblpgctrun. Thus

no single mechanism can explain the huge variety of observed polariton .. ... .. ..
apectra in different’ crystals. | It Aig clear houevcft tbat a
comprehensive theory of polariton luminescence must include the effect

of elastic scattering from neutral impurities.
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figure 7.7

A series of time-resolved spectra gencraﬁd by the Boltzmann equation

. model using identical parrmtors.‘exc—opt for the neutril—donoka—————

concentration. A) No=10*%/ca® ) B Np-2x10'°/él=‘

C) No=4x10'4/ca™. 7 ' ' o
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As dlscussed in sectxon 2. 3, reliahle uodelocking requ1res that

'good standing wave be established in the nodelocking crystal. This_

means that the; crystal.;should have‘an-aeoustxc resonance at exactly -

'; one half of the laser repetition frequency. The acoustic resonance is

a sens:t:ve funct1on of temperature and consequently the nodelockingtv'

crystal is surrounded by a tenperature controlled oven. Nevertheless,t
the subsequent appl:cat:on of RF dr1ve at the acoustic resonancef:
frequency at e pouer»»comparable to that of the oven heater cau;ee::”
edditionel heating of rthe crystal chang1ng the resonance frequency.? ”

Optimally adjusting such a system to operate at the requ1red frequency

is a difficult task, requiring ‘tediou5 tweaking of controls. The
situation can be drastically inproved by activeiy tracking the crystal

acoustic resonance by controlling the RF drive level [A.11. This

~method relies —on the fact that - the phase otitherreflecttdiﬂF wave T

changes by a factor of = upon ﬁoin@‘throﬂgﬁ‘the-crysta[ resonance.

Right at the resonance frequency the’*ph;gé*di?fékéﬁc;’b;toeéh,thof""’"

incident and reflected vaves is /2. Figure Al.1 is a block diagrai of

the stabilization cirtuit.‘ The ,source of the RF is a highly stable.

frequency synthesized tunable .osc1llator. The output of thls

oscillator is amplified and then split into two parts. The RF level of

one of these components ‘is controlled by a DC>'1eVel net‘eitﬁer -

manually or by the feedback loop, then further amplified and sent to

the modelocker head. The other conponent is conpared in a balanced

mixer with the reflected RF picked off by a uni-directional coupler.

““v
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The outpoé of the balanced nixer,‘with two\ideniical freduenEy signals

as input, is a DC level whose sign and magnltude depend on the phase ‘

1

di fference between the 1nput signals. For a phase difference of /2,

corresponding to resonance, the DC signal is zero. The path lengths of :

—

the lines leading to the balanced aixer must be adjusted so that the
phase difference at the nixer' corresponds ~to. the actdhl phase
difference petween . the reflected and incldent waves at the. nodelockersuﬂf/—ﬂﬂvsfw
head The output DC level of the mi xer also depends’on the 1ntenslty

of the input waves. The intensltyfof the reflected wave goes through a

minimum at the crystal resonance since most of the incident power is .

o

then absorbed. To remove tﬁis unqanted influence on the DC output of
the mixer the output of the uni-directional coupler is amplified by an

amplifier whose gain is saturated even for the 1lowest level of

“reflected power. The intensity of the reflected signal applied to the

mixer is thus independent of the frequency and thus the output of the .

mixer depends “only on the phase difference. This phase error 51gnal '~

can then be used to adjust the amount of RF dr1ve to the modelocker

. . PR

head, thus controlllng the crystal temperature and hence 1ts resonance

frequency. This system is’ now very easy to use. First one flleS the

|
I

switch from lock to nanual disengaging the feedback loop Then ' one
tunes the RF oscillator to a crystal resonance which 1s.easily"
recognized by 'a minimum in the reflected power and a rapid change in
the phaie error signal both of which are displayed on neters&’ﬂnteia

resonance close to; the desired operating frequency of 42 MHz is

found, the switch is set to ‘'lock' and the RF drive level is now

automatically adjusted so that the crystal resonance frequency is



locked to the drive frequency. The frequency of the RF ‘source cah now -

be adjusted until optimum modelocking occurs as determined by the
aﬁtoﬁ&ffelafor (section 2.8) without fear of losing the ac&ustic
(gsonénce, brovfded the £dning f;\done gradually sé'as to_allou for
the time needed to heat the modelocking crystal. Practically, the

- frequency can be changed to‘the»correct modelocking frequency during

-

the -span of'a~few1seconds;—The'RF~pouer"ievef delivered to the crystal -
once fhe driVing frequency has been set to the desired modelocking
frequehcy ‘can be increased (decreased) by decreasing {iﬁcreasing) the

power supplied to-the heater. S ‘ IR _ - : R ————
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The tyﬁicnikjtraiiino pulse supprossion of 50011 pro%idoﬁrbyvon
‘optinally adjusted ﬁta&ity qumoer “can be improved by_follouinﬁ the
cavity -dumpéri witn"a‘ Pockois cell and a polarizer as distussod in
section 2.5 kto yiold' a furtner factor of 160 rejection. The Pockolsb

cell used here (lasermetrics EDH 3078) requiges gpout 300 voltl for a

ctric field vecté# of. light in the visible

n/2 rotation of the ¢
region. The Pockels <cell modulator has its output[polarizer adjusted

:Jorr maximum tranfniofion with the full potontioi apgiifo W39wﬁh“,,fj;:fi7,
modulator. Since the transulssion must be cut off before the firsfj
»trailing pulse arrives at tho‘noduiator the electronicg must di;chlrgo

the charge on the capacitor formed by the plate; of the modulator in

less than 12 ns. THe .electronics must also be able to hold the

potential at zero for aoproxinately 30 ns to suppress the first three

orfjfour“’trailing"*puiseSVthch*were'found*to tre considerably stronger - I

than laterionés.‘The Pockels cell pthes can then be recharﬁed through
a re;sisjtor until full transmission is restored. This last process can
proceod at a noderate 'rote since the maximum repetition rate of the 7
, cav1ty dumper is 4 MHz, thus allouing about 200 ns for rocharging. The *
charging resistor must be snall enough so that theﬂcharging process is
essentiolly complete in less than 200 ns yet large enough to keep ‘the

power dissxpation in the resistor and the current through tho active

4

device during the cutoff phase at a uanageable levol. A switching

device capable _of handling these roquirenents is the high-speed,

high-voltage field effect transistor IVNGOOOCNU made by Intersil which



S G - -

¢ : b - o =

can_switch 300V in less than 10 ns. AL f S . j’\ S et

Th¥ scheutx.. diagram for the tuiling pglse suppressor circ
is presented in figure A2.1, Hhﬁe the input voltage to the tr gger
input is at a TTL zero level, the,FET is“off and the charging re;istor :
R holds the Pockels cell at tr;é half-vave potential pr‘ov‘ided at the

high voltagé termnal ATIL 1 level of 40 ns duration generated by an

“external ’var1abte= delay circu1t connected to the cavity dunper synch
output is buffered by- the tuo halves of a 745140 11ne d1ver followed
,'be four halves of two National DSOOZS ‘high speed clock drlvers .
s . - ‘connected in 'ﬁ—ooril;}'e’l’; "fﬁ'rfs’—' “hi gh‘*gate dri‘\}e;capabilityisneeded“’t‘"o I

. turn the FETi on quickly enougn in 1(ace 5} the large dV/dt.;tithe
drain. fhe~ circuit :uSes R = IKQ‘SO W Uhich corresponds to a oower
dissipation of 7 39 W at a‘reoetition rate of 4 MHz with a hiﬁh v’%ltagel .
; suoply of 300V at 130 mA. |

The entire c1rcu1t is contamed in a small alumnum box nounted ,

Q directly on the Pockels cell with a thin tntervening layer of therlul
1nsulation. The tern'nals of the Pockels cell enter the box viaa -
|  small hole and‘ theé drain and source leads of the FET are connected
Lo ‘ P directly to them, with the FET neat sinked to the inside surfaceﬂof
- ‘_: \xs"‘.the box. To prevent oscillation,' it is necessary to'k.eep all leads
- : | very short and shield the input circui.try from the FET. A snall muffin
\ - tin  fan rcounted on the top cools the FET and the chargmg resistor.
The electrical shielding prov:ded by the box is such that a sensxt‘,i«ve _ e
‘—photo'n co‘unt{tngr apparatus - ca.rr be operated near fthefnodu'latorfwithmcr" -

inter fererce. The oneration of the circuit is denonstrated in figure Lo

A2.2, which shous the log of the t;ansnissmn of a continuous laser o B
. . x .



beam vs. tri‘nef"f’or a repetition'rate of 4 MMz,
In normal operat1on, the modulator and polar1zer are placed about.a

30 cm from the output of the cavxty dhnper, where the waist in the

S

output beam guarantees _easy passage through the ~2  mm modulator
haperture. Two beamsplxtters placed~before and after the qodulator are'

used to monitor the beam u51ng fast photodxodes. The requiredi~~

»half—uave volt;ge is applied and “the cxrcult is allowed to run forl
about 5 mxnutes at the selected repetltxon rate 50 that the nodulatorﬁ'v
can equilibrate. ﬁith the cavity dumper properly adjusted, the delay :

.circuit is 5d3usted so that the FET is fired Just before the main B —

output pulse, and the Pockelsvcell angles and‘polarxzeruangle are then p

adjusted for minimum -transmission through( the inodulator.' Then by

monitoring :thevphotodiode before the nOdulatdrrthe cavlty dumperbdelay

setting is» misadjusted toqmake the first trailing pulse stronger than

the desxred pulse. Honltor1ng the second photod1ode, the Pockels cellrr o
delay is set to fire the’ transistor between the desired pulse and the
first trailing pulse, ,naxinizing the rintensity ,of,vthe,,tjrst”and,
minimizing the lat Small adjustments in the Pockels cell anglesy
may further reduce the intensity of the trailing pulse, conpleting the'
adJustnent of the Pockels cell modulator. Finally,~the-cavity duuper
is readjusted‘ to itsf proper- operating _settings. by nonitdring-the
.signal before the modulator. | . | . “) ,I" L

The results as observed on a high Speed photon countinb sysgen -

are :shoun in ftgure 2.1. ﬁhe top curve represents the outpu@*oﬂ*our"'f*

‘carity dumper when it is very -uell adjusted,- but evenA_at thisif .

rejection ratio of ~800-the'trglllng pul ses are‘qulte‘noticeaﬁles@fn R

. B
” & .

LY




\

rejection ratio for the first two trailing pulses has been increased.

to ~6x10%, making them almost 'anisib}i in the dark-couht noise.
The suppression of the third trailing pulsg is not as great since the

Pockels cell has by this time started to recharge. -

e

4£§
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vfo] 7805 | | “
HHHES!
o 745140 (N | _
T ex | 1vnB000 TEOM 3078
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Figure A2.1

Pockels cell driver circuit diagram. The circuit is enclosed in a

.FET transistor is heat-sinked to this box. Capacitors are in

T ¥
microfarads and resistors in ohms.
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Figure A2.2

Log trans&iﬁfon of the modulator for a continuous 600 nm laser beam
and a wodulator repetition rate of 4 FI-Iz, as determined by a,fﬁgt/

photon—counting detection systen. I . T -



C1f the »luiihes;ence decay time is of the same order of magnitude

as’ the response time of the detector, the obserQed‘docdy’cdrroipbnds 7

to the true luminescence decéy convoluted with the instrument

response. In order to extract a meaningful lifetime in this

3

circumstance it is nec é§$gt¥,,,té _deconvolute the measured decay with an

instrument response measured at the same wavelength as the obéerv@d

luminescence. In theory it is possible to decohvolut§}using\Laplace
t;ansforms, but in practice this is-QérQ difficult with e%;eriméntgl
data. The uSual‘.procedure is to guess a functional form of the
so}utioﬁ, ’usualiy a sQﬁ ‘of exponential components, &stin&te the
parameters and then ;convolhté this theoretical deéay ﬁurV; with the

" instrument response ;3nd compare uifh the observed data. By tvaiuating

the sum squared errér between the trial solution and the exberihonta!

data the suitability of the trial parameters is deterwined. In order

to afrive at meaningful values for the paraneters a non-linear fitting
procedure :must\be used which adjusts the trial parameters until a good
,

fit is obtained.

A 'pouerful' and simpie algorifhn for the minimization. of an .

arbitrary function is the simplex algorithm IA.Z,AJSJ. _Thiv;boit
deconvolution ﬁcorresponds to minimizing the sum squared error

function. This function can’ be pictured as a single valued -N

where N :is the p{pgq;@oq rof the space

dimensional hypersurface

corresponding to the number of lddjustable paramsters: The term

‘silplex' refers to an N+1 dimensional g fic‘figuré constructed

e -
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.out of the trial sQiutidn and the additional N vertices formed from

the trial solution by adding sequentially to each phrangter ~an

increment. The ”algbrithn then proceeds to move and shrink the simplex

e

‘towards - the minimum of the  hypersurface by always moving the worst

vertex, i.e. .the'dhe with the largest summed squared error, according

to a simple set of geonetrical instructions. This'sinplex method does

ﬂbt rcquire thl calculation of any derivatives yet is almost as fast‘

as the steepest decent method. It can handle an arbitrary number of

. adjustable parameters and never suffersigfrom instabilities. An

additidﬂéi'fadViﬁtigé of the sianii"faIgbrifﬁﬁ fS”iitS"fénarkéﬁIé
conpaétnels compar ed 'to other mihiﬁi;ation:nethbds, élloqing it to bé
readily programmed on any microcomputer.i Since ﬁeriQatives are hotr
required the “summed squared error surface heo&jnot be diffefenti;bie.

Boundary conditions can thus easily be handled by just assigning very

' large sunaed squared error values for pafaueteré in the forbidden

region.’

~The prog?an written -io accohpliSh‘the:deconQQIution,can,handle '
1-3 exponential decays with or without an exponential,buil@up;tefm..
Fach eiponentigl dgcay cd@poneht is however limited torhéving the s;;e‘~v

buildup time constant as the otheré. A tine—shift.parameter is also

included to take ;Qré of any time shift'between the experimental data

_and the peisured instrument response. Such ‘a shift can-easily be

present since the data and instrument response are generally collected

using different '°""‘i'°"‘* P""ﬁ‘-’ﬁ’ A path length difference of on —only 3 mm
corresponds to a time shift of 10 ps uhich is Just barely significant.

given the available tino'resolution. Lifetinel down to a lindt of‘30



B3

ps can be deternined us1ng the experimental appar atus described in

chaptgiﬁ 2 combined with this deconvolution procedure. Thc accuracy and
;
unlqueness o;‘ the resulting- final values of the parameters dcpoﬂds
‘greatly on fhe particular circuastances."Fof example, a two ;H
exponential decay with lifetimes differing by aﬁ order of magnitude or
more the resultant lifetime parameters are generally accurate tov v
~better —-than 3% -or. so. If the two-lifetimes are- almost ldentical good-———— ;;~~¥;;;
fits will result for a varlety of lifetime values with appropriately 7 7
adjdsted‘ relative “intensities of the components. In this case not too
much faith can bgf‘ﬁutA in the actual numcrical values. It 1sfalsn;,, e ——
poséible thaf the chosen functional form of a- sum o;.éxpohentials ié | |
 not applicable,_ in which casé an unacceptable or mcaningless fitrwill

resqlt.

""‘?:
-
a
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