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Kinetic description of
luminescence processes

A multitude of characteristic features of luminescence can des?crlbed _and
understood using simple kinetic equations, which, fro¥n thPT pqlnt of V1}el\_v
of mathematics, represent first-order differential equations n tlme.hlnbit1 _tls
chapter, we shall first introduce important paramete_:rs called the proba 11 5]
of radiative and non-radiative transition and the 1urnmescepce quant}lm yield.
We shall discuss their relation to the experimentally egtabhshed lummeSf:enc;e
decay time. Next, we shall formulate kinetic equations for several 31rlnpte
luminescence phenomena. Solving the equatiops, we shall proceed_ firstly to
explicate transient luminescence phenomena (i.e. the form f)f 1um;nesi:.encel
decay or possibly tise in time) and, second]y,.we shal‘l obtan} the funcs 101;;:6
dependence of emission intensity on the optical excitation intensity in

steady state.

3.1 Radiative and non-radiar.ive recombination.
Luminescence quantum yield

An excited luminescence centre is i a non—equilibriun_l thermod.ynan_nc stat:?l
and it loses its electron excitation energy after a certain relaxation time an

goes into the ground state. The transition can occur in twq ways. The ;,xtm-
tation energy is either radiated away in the form _of a lum%nesce?nce P ;) on
after the mean lifetime 7, or the excess energy 18 transmltt'ed in the 0:111
of heat (vibrations) to the crystal lattice after' time Ty Or 1t caq pc:issfl Cif
cause photochemical changes in the crystal matrix or gen‘er.ate a 1att1_ce efe S
The first kind of transition is called a radiative transition, the time 7 1

the radiative recombination time (radiative lifetime), trans_1t19ns of the;ec:
ond kind are called non-radiative and Ty 18 the non-rziflllauve recozrll ;::n
tion time (non-radiative lifetime). The invers.e values.(.rr) and (-rm') e
represent the probability of the conespond{ng trf%n.smon per unit t(llmte e
recombination rate). The total probability of transition to the ground sta

given by

1 et (3.1)

T Tr Tnr

Radiative and non-radiative recombination

we can imagine this in analogy to electromagnetism as two parallel conductors,
the resulting conductivity of which is given by the sum of the inverse values of
their individual resistances (Fig. 3.1).

We define the luminescence quantum yield or quantum efficiency, already
mentioned in Section 2.1, as

/%

"= nt -

(3.2)

i.e. as the ratio of the radiative recombination rate to the total recombination
rate. For brightly luminescent materials 7, < 7y holds true, which means
the given excited centre is much more likely to go into the ground state by
radiating a photon Avyy than by a non-radiative transition. Neglecting 1 /7.,
in (3.2), we get n — 1 (we also say the quantum yield is 100%). However,
such materials almost never occur in nature. In fact, we speak of strongly
luminescent materials already if » is of the order of 0.1,

The word ‘quantum’ in the definitions given here implicitly points to the
fact that both luminescence excitation and light emission take place through
one-photon elementary steps; e.g. n = 0.5 means there is one emitted photon
to every two absorbed photons. Thus, multiple-photon phenomena, although
feasible in general, are not considered here. Likewise, definition (3.2) does
not allow for the energy difference between the exciting /vex and emitted
hvum photons—in this sense, we sometimes introduce the power efficiency
np = (Aviym/ hvex)n. Due to Stokes’ law, we have np < 7. For injection elec-
troluminescence, 7 relates not to the number of photons absorbed but to the
number of electron-hole pairs injected.

What is the physical meaning of the time 7 given by expression (3.1)?
It characterizes the emptying of the excited-state level in a large ensemble
of luminescence centres by radiative and non-radiative transitions simulta-
neously. Yet, the population decay of an excited level is reflected just in a
decrease of the luminescence intensity as it decays after the excitation is turned
off. Therefore, the time 7 is (in accordance with the notation introduced in
Section 2.9) an experimentally accessible quantity—the luminescence decay
time. By means of this decay time, we can rewrite the expression for quantum
efficiency (3.2) in the form

n= 1(5 1).

(3.3)
Tr

Let us point out straightaway the occasional erroneous use of the terms
we have just introduced. The radiative lifetime (z;) is not the same as the
luminescence decay time (t) although the admitted similarity of the terms may
tempt us to confuse them! (On the contrary, we shall show shortly that, in a
Special case, the luminescence decay time may be identical to the non-radiative
recombination time!)

From the point of view of mathematics, relations (3.1), (3.2), and (3.3) are
just trivial fractions but, surprisingly enough, they involve a wide spectrum of
physical information. So firstly, it is interesting that expression (3.3) relates two
neasurable quantities (7, 7) to an important quantum-mechanical parameter

lz, Uz,

phizzf}_,f

hvtum

Fig. 3.1
Hlustration of the definition of
luminescence quantum efficiency.
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Kinetic description of luminescence processes

characterizing optical transitions from a theoretical perspective (the reciprocal
value of the radiative lifetime 7, ! is proportional to the square of the modulus
of the corresponding transition matrix element [1-3]). The magnitude of the
matrix element basically cannot be obtained by direct measurements and it
is neither simple nor reliable to calculate it. Therefore, the simple formula
(3.3) appears to provides a welcome opportunity to obtain r7! from two
experimentally available quantities and to compare the result to the theory (in
a semiconductor with a direct bandgap, T is of the order of 10~ s, and with
an indirect bandgap, & ~ 10~4 to 103 s). However, while it is very easy to
measure 7—and we have discussed several of the most common experimental
methods in Section 2.9—it is, in contrast, extremely difficult to measure the
quantum efficiency 7 with sufficient accuracy, as we have, for that matter,
also mentioned before. Hence, we should not overestimate the significance
of expression (3.3) in this sense; nonetheless, it is very important that by
measuring the temperature dependence of the Juminescence intensity (which
we can consider, to a good approximation, proportional to the quantum yield n)
and of the luminescence decay time T we can obtain from (3.3) information on
the temperature dependence of the radiative recombination time T, albeit in
relative units.

In addition, relations (3.1)-(3.3) enable us to asses quickly a number of
situations we may encounter in practice. Let us first consider the case Tnr €
7, < oo. Then the non-radiative recombination rate, ‘EIEl, is much higher than
the radiative transition rate; nonetheless, some weak luminescence radiation
may still be present. Naturally, the quantum yield n will be very low (n &~
Tor/Tr < 1 as follows directly from (3.2)) and what is particularly interesting is
that—as an immediate consequence of (3.1)—we get T = Tar. Thus, measuring
the luminescence decay time, we aré now actually measuring the non-radiative
lifetime. Or, put in still another way, if we reveal in an experiment a weak
luminescence decaying very quickly then there will very likely be a strong
influence of non-radiative transitions.

The opposite case reads T < Tar- The quantum yield 7 is close to unity
according to (3.2) and Tt = 7 holds. Although we encounter this situation
much less often than the previous case we must still mention the following
possibility. Let us consider a material with a relatively large 7, which, in itself,
is thus not a very efficient phosphor. Yet, if we are able to ‘forbid’ somehow
all non-radiative transitions then Ty — 00, Tr &« Ty and the electronically
excited system has no other choice but to return—albeit slowly—to the ground
state exclusively via radiative transitions. Hence, in this way, we can obtain a
material featuring efficient luminescence (n = 1). The total number of photons
emitted per unit of time will be relatively low; nevertheless, this mechanism 18
thought to be one of the factors contributing to the intense luminescence of
so-called porous silicon and of silicon nanocrystals. Silicon is a poor phosphor
as a result of its indirect bandgap. The radiative lifetime is long (7 & 1073%5)
and almost all transitions to the ground state occur via much more efficient
non-radiative processes. In nanocrystals, however, the non-radiative transitions
take place mostly on the surface of the nanocrystal and they can be prevented
through efficient passivation of unoccupied surface bonds by attaching, €.g-
hydrogen or oxygen atoms.

Monomolecular process

3.2 Monomolecular process

Let us consider a localized luminescence centre' in a crystal or possibly in a

amorphous matrix, typically represented by an impurity atom. Let us af;su .
tﬁe cen.tre can be brought into an electronic excited state by either absorbiljlw
hght' directly or via energy transfer from the optically excited surroundi .
matrix. Let both processes be described by a quantity G, which is the numi)ng
of pholtons absorbed in unit volume per unit time. Sul;sequently centres o
an §x§1ted state return to the ground state, partly radiatively and : artl kg
radiatively. If the concentration of the excited centres is n(f) thft) e
under consideration are described by the equation ’ e

n

n
o b
dr £ b = T’ e

where (‘i/dz denotes the derivative with respect to time and G is called the
gener3at101'1 term. A schematic is shown in Fig. 3.2(a). We shall now analyse
eqn (3.4) in two cases: (a) luminescence decay and (b) steady state.

(a) Lgminescen_ce decay is characterized by the excitation being switched off
.( = Q) a't time t_ = 0. We are interested in the fall-off of the luminescence
intensity i (f) at times ¢ > 0. Equation (3.4) has the form

dn n

a ot
E'Iid l.{S solution thus reads n(t) = n(0) exp(—¢/t). The luminescence inten-
til Hi(ez) (:t) (here, ];he tlIiumber of photons emitted from unit volume per unit
is given i i i
ey g y the ratio n(z)/t, and hence the desired intensity fall-
n@) _n©) .
T T

i(t) = =i(0e ", t=0. (3.5)
Here, i(0) denotes the intensity at time ¢ = 0. We can see that in this
case (the so—c?ued m?nomolecular process or a localized centre) the ]umi;
?;sc.ence exhibits strictly single-exponential decay governed by the total
1.et1me 7, as we have already described in Section 3.1 and as plotted i
Fig. 3.2(b). ' P

(b) The asltcf,ady statf‘:—‘when the excitation G is turned on and when, after the
initial increase in i(¢), the intensity of luminescence settles at a constant

value—is determined by the condition d
n/dt = 0. i
regard to Fig. 3.2(b), we have / Fromedn @4 andwih

n(0) 0

T nr Tor
T . .
he generation term G is closely related to the excitation radiation inten-

sit inci
unft f?x (here, the numlber of photons incident upon unit surface area per
ime). Let us consider the common case when all excitation radiation

1
By this we shall
d mean an electron excitation locali in i i
g o n . alized at a certain impurit
Quasi-particles do not participate in recombination phenomena. puiRpoGERe: See
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Luminescence intensity

Fig. 3.2

(a) The monomolecular luminescence
process. Wavy lines represent
non-radiative thermalization of the
carriers, their capture, and possibly
non-radiative recombination. (b) The
kinetics of monomolecular luminescence

upon turning the excitation source on
and off.
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is absorbed in the sample (we neglect reflection for the sake of simplicity).
Absorption occurs in a thin subsurface layer, the depth of which is roughly
equal to the reciprocal value of the absorption coefficient of the excitation
light !, If the area of the excited luminescence surface is AS then
there are IexAS photons incident per unit time and the photons are thus
absorbed in a volume ~ ASa~). The density of the absorbed photons,
or the number of centres excited per unit volume per unit time, is thus
G ~ (IexAS)/ASa™! = alex.

From eqn (3.6) we then get

i(0) =G —

0 T

A =alx — _Li(())
Tnr Tor

and after some simple algebra and considering definition (3.2), we immediately

have

i(0) = noatlex- (3.7)

In the case of monomolecular recombination, the stationary value of the

Jluminescence intensity, i(0), is thus directly proportional to the excitation
intensity lex.

Hence, we have obtained two simple and important guidelines facilitating
the interpretation of experimental data. Observing a single-exponential decay
together with a linear increase in luminescence intensity are rather strong
indications that the microscopic origin of the exami ned luminescence might lie
within a localized centre. This is not unambiguous evidence—similar features
can be seen in, for example, the lJuminescence of a kind of free quasi-particle,
the free exciton—and yet, such an observation helps us to exclude a number of
other types of recombination processes.

Let us note further that the presence of two kinds of localized luminescence
centres will show itself via a double-exponential decay

i) = are~ /™ 4 ape™™, (3.8)

where g; (i = 1, 2) denotes the amplitudes of the individual components. Nat-
urally, the prerequisite of observing a dependence of the form (3.8) is that
we detect spectrally unresolved luminescence of both centres, €.g. when the
emission wavelengths of both centres are close to each other and their spectra
overlap. Today, computer-aided fitting of the experimental decay curve enables
us to determine the parameters ai, az, and 71, T2 quickly and reliably even in
case we need to use deconvolution methods (see (2-64) and Fig. 2.50).

One cannot help thinking of generalizing relation (3.8) to a sum of mul-
tiple exponential functions. However, when attempting to fit the lumines-
cence decay curve using the expression i(t) = le ae” T (j = 3), we
must be very careful. Of course, from the point of view of mathematics,
such a fit is feasible and we usually achieve very good agreement between
our calculation and experiment, yet, from the point of view of physics, such
a result in itself can hardly be considered as evidence for the presence of
three or more luminescence centres. This is because, in principle, any of the

Bimolecular process

characteristic fo.rms of decay curve, which we shall discuss below, can be
modelled very nicely as a sum of three exponentials with six fitting parameters

(ai 4] l - 1 2 3)' the informati\r‘e Va] ue ()1 SllL‘!l a i‘ y
L] 3 yiky ] WEVE i i
o . 3 h() T, 1S hlghl

3.3 Bimolecular process

Let us consider the process shown in Fig. 3.3. If a semiconductor absorbs a
photon of energy above the bandgap, Ey, then free electron—hole pairs are pro-
duced. Let us denote the concentration of electrons by » and the concentraISion
of holes by p. If there is no impurity atom or possibly a lattice defect nearb

where localization of the created photocarriers could occur then electron)s:
and holes will diffuse along the edges of the respective bands and, eventu-
gg,lelecuon)s willl recombine with the nearest holes (as their waveizunctions

rlap most), whether radiati -radiati
File S A equationdlanvely or non-radiatively. The above processes are

dn

o = O~ fup, (3.9

whe}’e G again denotes the generation term. The recombination term pro-
portional to the product np represents the fact that recombination re upires
alfree electron to encounter a free hole. The coefficient B is calle(ii the
bfmolecular recombination coefficient and can be expressed as the sum of
blmolegular radiative (8;) and bimolecular non-radiative (8y,;) recombination
coefficients: B = f; 4+ fnr.2 If we consider, for the sake of simplicity, an

1r 'IlSlC SEmlCOIlCIUCtOI at 10W tempel ature: — P q .
) res the[l n and €Jn :; 9 can I)e
2 ( )

dn(t) G 2 5 2
ke — Bin” — Byn” = G — Bn”. (3.10)

Here, the term Bn? clearly represents the intensity of luminescence gener-
a.ted by bimolecular recombination (order-of-magnitude values of the cgoefﬁ—
CIEEIE Br ;1_1'?4,8, ~ 10719 ¢m3 s~ for direct bandgap semiconductors and B, ~
107-10 em®s™! in indirect bandgap semiconductors). We shall a rain
analyse both the luminescence decay and steady state. ¢

(a) tS.imil(egly tg the monomolecular process, let us turn off the excita-
ion =0) at time f = 0 and follow the d i
e e decay. Then, relation (3.10)
dn(r)

it
dt ﬁn’

2
It should be clear b
A y now that the terms ‘monomolecular’ and ‘bi * histori
originated from the analogous chemical reactions. PR ARt
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Fig. 3.3
An example of a bimolecular
luminescence process.
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which is an equation we can solve easily if, for example, we separate the
variables, use the substitution 1/n = x, and apply the boundary condition
n(t = 0) = n(0). We get

n(0)

O = By + D

and the luminescence intensity i(f) = ,Brnz () comes out immediately as

. Ben? (0) i(0) i(0)
e o= 3.11
0= a2 B0+ D2 i+ D2’ I

where i (0) is the intensity at time t =0 and y = B/+/Br. We can see that
the form of the bimolecular luminescence decay differs substantially from
the exponential function. It is a power-law function of time and, for late
times, we can approximate i (f) ~ 1.
(b) The steady state is characterized by the condition dn /di = 0. From (3.10)
we get
i (0)

1(0) = Ben2(0) = G — pun”(0) = G — g

which can be transformed into the form

B N
= (ﬁr s ﬁm) ¢= (ﬁr T ,Bm) e 612

Therefore, in the case of bimolecular recombination, the steady-state lumi-
nescence intensity remains a linear function of the excitation intensity fex.

However, let us stress again that this result is valid only if the steady state has
been reached, that is, in particular when using continuous excitation radiation
of an incandescent lamp, or possibly of a gas or a semiconductor laser. Never-
theless, bimolecular recombination requires a rather high density of electron—
hole pairs since its probability scales like the square of this density. This is
more likely to occur when using excitation by powerful laser pulses. And under
a pulsed excitation, the intensity dependence of bimolecular luminescence can
be governed by a law different from the linear relation of the type (3.12) as we
now proceed to show.

Let us first solve a general differential equation of the form (3.10). 1t is easy

to check that the solution reads

G1l-— e~2VGh1 A
n(t) = —B--l—_i_—e_z:/G:ﬁr -+ const. (3 )

Let us now choose a boundary condition different from the one we have used
up to now. Let n(0) =0 at time ¢ = 0 and now we promptly turn on the
excitation G in the form of a rectangular pulse of duration fp (Fig. 3.4(a))-
f2./GPt < 1 holds forall0 =t =1 (i.e. the excitation pulse is sufficiently
short), then we can approximate the exponential terms in (3.13) using a series
expansion exp(—x) &~ 1-x which yields

Stretched exponential

@ 7§ %
G / excitation pulse

=0 ip *
® 10 e-m-mmg !
| : //’ T
/uminelsccnce |
resplo nse i ;’ S:S{Ieat'zt(gy
o o [ |
=0 fp >
. |G 24Gpt
\ 8201 - JGBo) ’

Then, the luminescence intensity i (1) = ,Brnz(z) is given by
i(t) = Ben (1) = fG*t? =~ Ba’t*I2,. (3.15)

Hence, the amplitude of the luminescence response pulse is proportional to
the square of the excitation intensity lex (Fig. 3.4(b)). We leave it to the
;eiclig; to clonﬁll“m that we can never get a similar quadratic dependence for
g rozllljtrjofi:;z nirs’}lazr;cess even if we excite using an arbitrarily short pulse
When is the excitation pulse ‘short enough’ so that the quadratic depen-
d_f:nce (3.15) can reveal itself? To get a numerical estimate, let us E
51df?r, 1:'01' example, excitation by using a rather weak puls.ed iarﬁp withOZI;
e?cc:ltatlon power density of 100 W/cm?, bimolecular recombination coeffi-
cient f =10 em?s™!, and the excitation photon energy huex = 3.2eV
Then the excitation intensity in terms of the relevant phoitm ﬂlilX i
Iex = 100 (J Jem?s)/ hvex & 2 x 1020 photon/cm?®s. With absorption coeﬂ;S
3ent o 1104 cm™! we have G = Ixa ~2 x 10 ecm™3s™! and /GB -
1 2 x 1_05 x 10 15 2 4.5 x 10*s™1. Thus, the relation #, < (1/2/Gp) ~
x 10 s will hold for pulses of duration of roughly 1 us and less. Of course
under a hlghernintensity excitation G and higher values of 8, the .duration 01;
pulses leading to the quadratic dependence (3.15) will get subs,tantiall shorter;
nefvertheless, it is still easily achievable with excitation by common lasyer ul e
with durations of the order of nanoseconds or tens of picoseconds e

3.4 Stretched exponential

iﬂ .p;actice, we observe certain cases when the luminescence decay curve is
; ;51{ ler govgrned b3f the exponential law (3.5) nor by a dependence of the type
.11) but, instead, it can be described by the so-called stretched exponential

i(r) = i(0) exp[—(z/7)°], (3.16)

89

Fig. 3.4

Time-dependent bimolecular
luminescence under a pulsed excitation.
(a) A short excitation pulse

tp < 1/2/GB; (b) luminescence
response pulse. The dashed curve
represents the evolution of luminescence
intensity towards the steady state
provided the excitation lasts long enough
(tp — o0).
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Fig. 3.5

A plot of the stretched exponential
i(t) = i (0) expl—(t/0)* ] for i(0) = 1,
7 = 10 ms and several values of the
parameter 8. (2) A lin—lin scale; (b) 2
log—log scale often used to plot the
stretched exponential.

Kinetic description of luminescence processes

where 7 is called the decay time and 8 is the dispersion factor with 0 < § < 1.
It is obvious that for the limiting value § = 0, eqn (3.16) represents a constapt
function, and for 8§ = 1 relationship (3.16) reduces to the standard e)_(ponen’ual
decay. Between the limiting values of the. pm@eter 8, t.he funct?on (3.1}?)
interpolates these two extremes as shown in Fig. 35 This also _hmts at t e
origin of the name—as if we ‘stretched’ an exponentially decreasing function
ater times. o '
to“’{"irjisciecay law is often observed in disordered systems al?d it is b.eheveld
to be due to the so-called dispersion diffusion of. photoexcited carriers. In
particular, eqn (3.16) describes very precisely luminescence df:cgy_ln amor-
phous semiconductors or silicon nanostructures. Nevertheless, ?t is 1mpf)rtaf1t
to realize that, in itself, the presence of the stretched expone.ntlal function in
luminescence decay does not allow us to identify the lurmn_escence ceptre
in microscopic detail. There exist several plausibl_e explanatlor.lsre..g.’nll a
silicon nanocrystal system, this can be the case for photocarrier migration
between various localized states either within a s'mgl_e na.noclrystal or along
multiple closely packed nanocrystals. Moreover, the diffusion 1ts§:1f can occur
due to carriers being excited from localized to free states (multiple trapping
and release) or hopping directly between the localized states. The degree_ of
the dispersion of motion is measured by 8, which depends on the trap density,
the distribution of their depths, etc. Moreover, both & and T depend also on the
temperature and the wavelength at which the decay is measured.

@)

stretched exponential
i(t)=exp[—(1/7)°]

Luminescence intensity i(7) (rel.u.)

10 100

0.1 1
Time ¢ (ms)

~ Multiple processes present simultaneously

3.5 Multiple processes present simultaneously

Let us now consider a somewhat more complex situation that, however, comes
closer to that from a large variety of possible experimental events. We shall
deal with two parallel recombination channels: bimolecular (intrinsic) recom-
bination of free electron—hole pairs produced by optical excitation G = afex
and monomolecular (extrinsic) recombination of impurity atoms present in a
total concentration Ny. These impurity centres are excited primarily via the
same optical excitation that produces free electrons and holes. All processes
involved are shown in Fig. 3.6. We shall be mainly interested in the character
of the dependence of both luminescence lines on the excitation intensity in
the steady state. We shall show that in case there are both monomolecular and
bimolecular luminescence processes present in the material simultaneously,
they can be distinguished by their typical intensity dependences.

We divide the free photoelectrons and holes into the so-called ‘optical’,
ng, and ‘thermal’, nq, electrons and ‘optical’, pg, and ‘thermal’, p, holes.
Optical electrons and holes represent a population of carriers occupying almost
all available states in the conduction and valence bands.> They can mutually
recombine radiatively with a bimolecular recombination coefficient £, emitting
a photon hvg > E,. By thermal photocarriers n or possibly p¢, we shall mean
electrons and holes in the lowest energy states just above the bottom of the
conduction or below the top of the valence band, respectively. These quasi-
particles originate from the population of optical carriers via thermalization,
which process is described using a rate constant k. They have the highest
chance to be captured by an impurity centre, promoting this into an excited
state. Let us denote the concentration of the excited centres by N. Let the
process of both electron and hole capture be described by the same rate
constant a; its occurrence probability is proportional to the product of the

(a) 0®y © Ho
/:' "0':°:.':: Eft[
a g IE
N
- h hv
G=u Iex U:)B l{IM)M Eg
a IEz
Q0 Pt
V;O bpo%ogo jole) gk
®) e ew

\x]ex

optical electrons thermal electrons impurity
and holes || andholes 5| centres
9, Po Ay, Py N

\IB =By py M=N/z

3 We can presume their energy distribution to be described by the classical Boltzmann tail of
the Fermi-Dirac distribution function with the Fermi energy level being roughly amid the bandgap.

Fig. 3.6

(a) The band scheme of a semiconductor
showing the processes of bimolecular
(intrinsic) and monomolecular (extrinsic)
photoluminescence—see the main text
and eqns (3.17)—(3.19). The respective
photon energies are hvg ~ Eg,

huy = Eg—(E7 + Ej). (b) The
corresponding block diagram of the
transitions.
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concentration of impurity centres in the ground state (Ng—N) witk} the.conce.n—
tration of thermal electrons ny, or holes py, respectively. The excited impurity
atoms then luminesce (emitting a photon of energy hvy ~ E,~(E1 + E2)),
the number of recombination acts per unit volume being given by N /t. Let
us note that, for the sake of simplicity and without loss of universal}ty of our
arguments, we shall assume 100% quantum efficiency in both luminescence
processes, i.e. B = frand T = 7. _ o o

All the above processes can be described by the following kinetic equations:

L alex — Propo — k no. (3.17)
de
51? = kny — a(No — N)n, (3.18)
% =a(N0—N)nt—g; N # Ng, N #0, (3.19)
np = po, Nt = Pr.

In the steady state, d/dt = 0, we obtain
Bnd +kng—ale =0, (3.20)
a(Ng — Nyng — kng =0, (3.21)
a(No — N)ny = N/t. (3.22)

We rewrite equation (3.22) in the form
S (3.23)

T (+anm7)

having thus obtained a parametric expression for the monomol'ecular. Tumi-
nescence intensity, Iy = N/t; for the bimolecular 1umi12wscence intensity, we
have in accordance with our previous notation /g = f8 g _

Solving the quadratic equation (3.20), we get the equilibrium concentration
of optical electrons, no, and hence immediately also [g; using eqns (3.21) and
(3.23), we obtain ny and thus also Iy.

The solution to (3.20) reads

2
k [EX k
L B 21, Ip= —. (3.24)
no = 28 ( 1+ I ) 0 4af

Substituting this expression into (3.21) and taking advantage of (3.23), we get

after some simple algebra
575
AN (3.25)

amnT = 2
N k2 Iex
‘rﬁfﬁ(vl+fo 1)

In relations (3.24) and (3.25), Ip = k*/4ap represents a sort of characteris-
tic excitation intensity governed exclusively by the material parameters. 'We
now distinguish two excitation modes, weak excitation and s.trong excitation,
characterized by the relations fex < /o and Iex > I, respectively.

Multiple processes present simultaneously

(a) Weak excitation (lex < Ip). In this case we apply the familiar approxima-
tion +/1 + x A~ 1 + x/2 valid for x <« 1. From eqn (3.24) we then get

I a?
no*—akm, IB=)6n[2):—ﬁ12

= Yo (3.26)

Therefore, bimolecular luminescence varies quadratically with excitation
intensity. From eqn (3.25), we have

1 Noal,
Nb()[;"x, an[N()%& (3.27)

T_O‘Iex No —atlex

amT ~

and, finally, substituting the above relations into (3.23) yields, for the
monomolecular luminescence,

I = o Iex; (3.28)
thus, Iy increases linearly with the excitation.

Unlike the situation when there is just a single active luminescence process
in a semiconductor (Sections 3.2 and 3.3), the steady-state bimolecular and
monomolecular luminescences now depend on the excitation intensity in a
markedly different way: /g scales quadratically while Iy scales linearly with
excitation intensity. This corresponds to the intuitive and rather widespread
scheme; we stress, however, that the necessary prerequisite is the parallel
occurrence of both phenomena, which is sometimes overlooked just as the
weak excitation condition. (Short-pulse excitation, discussed in Section 3.3, is
another example of a quadratic demonstration of bimolecular recombination.)

It is not difficult to understand what goes on in our model material during
weak excitation. Comparing (3.28) with the starting eqn (3.17), we see that
basically all the absorbed energy « Iy is radiated in the form of monomolecular
impurity luminescence. Thus, under weak excitation, bimolecular emission is
substantially weaker than monomolecular emission (fg < Iy), which makes
sense since the density of the ‘optical’ electron-hole pairs is low and it is
difficult for the electrons and holes to find one another to recombine. Almost
all the photoelectrons are trapped at the impurity centres, which subsequently
return to the ground state, emitting an extrinsic luminescence photon huy &
Eg—~(E1 + En).

This enables us to formulate now the weak excitation condition alternative to
the relationship Ix <« fy. Under the circumstances, the low excitation intensity
is physically equivalent to the fact that by far not all impurity atoms are brought
into the excited state. In other words, the number of all available recombination
impurity events, Ny/t, is much larger than the density of photoexcitation

events per second: Ny/t > ale. This, of course, then reduces relation (3.27)
to the form

ot fox
amrt ~

< 1. (3.29)
0

Indeed, neglecting amt as compared to unity in the denominator of eqn

(3.23), we immediately obtain Iy = N/t &~ anNy. This, considering (3.29)

again yields Iy & (otfex/No)Ng = alx, which is in accordance with (3.28).
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Therefore, inequality (3.29) is an alternative expression for the weak excitation
condition.
(b) Strong excitation. It appears beneficial to formulate the strong excitation
condition as a relation opposite to (3.29):
amt > 1.
Equation (3.23) then immediately informs us of the monomolecular lumi-
nescence intensity
N N ang Ny N
¥_ sy G 2N (3.30)
T (14 an) amt Tt

=

This is clearly the maximum achievable intensity in the case when all
impurity centres are excited. Its value no longer depends on the exci-
tation intensity. Therefore, the extrinsic radiative recombination channel

becomes saturated.
What dependence of the bimolecular intrinsic luminescence on the excitation
intensity do we get now? Using the strong excitation condition in the form
Ix /1o > 1, we obtain from eqn (3.24)

Ag=r—ul—
28V In
or
Ig = 2 P B 1 (3.31
B—ﬁ”o”m%—a ex- 3D

Hence, bimolecular luminescence increases linearly in the strong excitation
limit and, in a sense, it basically swaps roles with monomolecular lumines-
cence as can be seen by comparing with eqn (3.28). The overall behaviour of
the system on a wide scale of excitation intensities is summarized by the plot
in Fig. 3.7(a).

We can formulate a system of kinetic equations analogous to eqns (3.17)—
(3.19) for a large number of various luminescence centres and photocarrier trap
Jevels. An example of a very successful model is the kinetic model of exciton
and biexciton optical creation, which introduces, among other things, exactly
the concept of ‘optical’ and ‘thermal’ excitons to explain the experimental data
[4]. An older monograph by Antonov-Romanovskij [5] even attempts to cover
the basis of all luminescence phenomena in semiconductors by making use
of various combinations of unspecified radiative and non-radiative transitions
and a large number of trapping levels. From today’s perspective, however, this
approach appears obsolete.

To conclude this section, a few more general notes may be in order. The
kinetic approach to luminescence phenomena may be useful when analysing
experimental data, in the sense that it is able to suggest a basic idea or a hint
about what type the examined luminescence radiation might be. Here, both
the character of the decay curve and the measured intensity dependence can
help us. A specific model can give us a very good picture of the experimental

Multiple processes present simultaneously
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Fesul_ts in a number of cases. For example, the basic features of the curves
in Fig. 3.7(b), representing the intensity dependence of intrinsic and impu-
Tlty low-temperature luminescence in InSb [6], are qualitatively absolutely
identical to the attributes of our model curves from Fig. 3.7(a) (the quadratic
depe;ndence of intrinsic luminescence and the linear dependence of impurity
luminescence in the case of weak excitation; a marked decrease in the slopes
and possibly a tendency to saturation at high excitation intensities).

On. the other hand, we must not overestimate the significance of kinetic
equations. First of all, they contain no information about the spectral form
of the individual luminescence lines. In addition, based on these equations
al.one we cannot usually draw unambiguous conclusions in the sense of a
bllateral mathematical implication. For example, an experimentally estab-
hshgd quadratic intensity dependence is evidence (if we disregard possible
nonlinear optical phenomena and very high excitation effects) for the pres-
ence of a bimolecular recombination mechanism, yet the absence of such a
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Fig. 3.7

(a) A schematic intensity dependence of
monomolecular (/yy) and bimolecular
(/) luminescence for the model shown
in Fig. 3.6. (Using the log-log scale, the
plot of a linear function is a straight line
with slope equal to 1, the plot of a
quadratic function is a straight line with
slope equal to 2.) (b) The intensity
dependence of bimolecular luminescence
(electron—hole intrinsic recombination,
triangles) and monomolecular
luminescence (localized impurity centre,
circles) in InSb at temperature

T = 4.2 K. Adapted from Mooradian
and Fan [6]. Compare to panel (a).
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dependence does not necessarily imply the absence of a bimolecular process—
see Fig. 3.7(a) on the side of high excitation intensities. Finally, we must keep
in mind that the effects of very high excitation accompanied by the bands filling
(being reflected e.g. in spontaneous emission in an electron-hole system of
high density, ng, po = 1017 cm™, occurring for instance in LED operation
or near the threshold condition of a semiconductor laser) may modify the
formulation of the kinetic equations very substantially; e.g. the simple relation
(3.10) is no longer valid, etc. [7]. After all, in the case of very high excitation,
brand-new luminescence systems appear (they are discussed in Chapter 8), for
which it often does not make much sense to distinguish mono- and bimolecular
luminescence phenomena.

3.6 Problems

3/1- Show that even if we introduce quantum yields of monomolecular and
bimolecular luminescence (7 = /% < 1, Br/(Br + Bar) = Be/B) < 1)
into eqns (3.17)—(3.19), all the salient features of the model shown in
Fig. 3.6 remain qualitatively preserved.

3/2: Check that for a monomolecular process we cannot (as against a bimolec-
ular process) obtain a quadratic dependence of the luminescence response
to the excitation intensity even if we excite the system by an arbitrarily
short pulse f, K 7, where T is the luminescence decay time.

3/3: Prove that the solution to the equation dn/df = —Bn*-n/7 is a decay
curve n(t) of the form

n(0ye™"/*
1+n0) Bt (1 —et/7)

Show that at later times after the excitation was turned off (when the den-
sity of the recombining photocarriers, n(t), has already dropped substan-
tially) the total luminescence decay is governed by a sum of exponential
curves. What condition must be satisfied for the decay to be described by
a single exponential ~ exp(~/7)?

3/4: Show that (a) the solution to eqn (3.10) is (3.13) and that (b) for long
excitation pulses and after a transient initial increase in luminescence
intensity, i (), a steady-state value of intensity is established, which is
in accord with (3.12). Plot the curve i(z), from the time we turn on the
excitation until the emission intensity settles.

3/5: Discuss the kinetic model of exciton and biexciton creation according
to [4].

n(t) =
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