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Highly excited
semiconductors

The chan_ne]s of radiative recombination, discussed in Chapters 5 and 7, are
characteristic of conventional (weak) optical excitation when the excita;tion
power .densities on the sample surface amount to 0.01-10 W /cm?. When the
excitation intensity is increased to kW /cm®>-MW /em? (which is attainable
almost exclusively with the aid of pulsed lasers) the emission spectrum under-
goes substantial modifications: New emission lines or bands appear. Figure 8.1
shows a typical e?tample [1]. These lines or bands signify novel luminescenée
processes occurring in highly excited semiconductors, in particular: radia-
tlve'decay of excitonic molecules (biexcitons), collisions betweeﬁ e).(citons

lulmmejscence of the electron-hole liquid or electron-hole plasma and Bose:
Einstein condensation of excitons or biexcitons. We are going to discuss these
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Edge emission spectrum of CdS under
various intensities of optical excitation
(temperature 7 = 1.8 K). The lowermost
spectrum was acquired at a conventional
Hg-lamp excitation (Lex = 365 nm) and
is dominated by I; and I lines, which
are due to excitons bound to residual
impurities. The X-line belongs to the
resonant emission of an
exciton—polariton (compare with
Fig. 7.11(a)). The remaining Spectra'
were excited by a pulsed N, -laser
(Aex = 337 nm), relative excitation
power densities being indicated to the
right along with normalization factors,
The figure illustrates that the Iy, I lines
gradually saturate with increasing
excitation intensity while novel M and P
lines appear. After Shionoya ez al. [1].
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phenomena in the present chapter. Optical properties of highly excited semi-
conductors are dealt with also, e.g. in special issues of Physics Reports 2, 3].

8.1 Experimental considerations

To understand the underlying physical nature of the novel luminescence
processes occuring under high excitation, it appears advantageous to clharac—
terize the concentration level of created free excitons nx. We can start with eqn
(3.4) from which it follows that in steady-state conditions

nx = lx a1, (8.1)

where I, stands for the excitation photon flux (photon/cmzs) of energy
hvex, a(cm™!) denotes the absorption coefficient at energy hvex and t (8)
means the exciton lifetime. For a typical case of band — band excitation
we consider o = 10°%cm™}, 1 = 10~ 9% (direct semiconductor) and the exci-
tation photon flux Ix can be derived from the excitation intensity Pex—
usually expressed in watts per cm?—using the relation Tex = (Pex/hVex)-
For Poy = 1 W/ cm? (conventional weak excitation) and hvex = 3eV we have
I, = 2 x 10'8 photon/cm? s and the density of photogenerated excitons (8.1)
becomes nx = 2 X 104 cm—2. ‘ .

Given £x = /(1/nx)) as the mean interexciton separation, we get in this
case £x = 170 nm. Comparing this value with a typical exciton Bohr radius
ax = 5nm (Table 7.1) implies £x > ax, and therefore free excitons are suffi-
ciently separated from each other and do not enter into interactions. However,
if we increase their density so that £x approaches the exciton diameter 2ay,
the situation becomes completely different. The condition £x = 2ax yields
(keeping ax = 5nm) the exciton density nx = 10'8 cm™3 and the corresgond—
ing excitation photon flux is, using (8.1), equal to Iy ~ 1022 photon/cm” s or,
equivalently, to the excitation intensity Pex = lexhvex & 5kW/cm?.!

At such excitation intensities one can already expect the occurence of inter-
actions between excitons. These, as we shall see, may dramatically modify
the luminescence behaviour of the material under study. It is worth stressing,
however, that relation (8.1) is not exact; the density of excitons or electron-hole
pairs under standard one-photon excitation is considerably inhomogeneogs.
The concentration gradient pushes them from a thin subsurface layer with
thickness @~! < 1um deeper into the sample, thereby rapidly reducing their
concentration. Besides, excitons close beneath the surface undergo efficient
surface non-radiative recombination (Fig. 6.2). That is why the excitation
intensities Pey applied in experiments must in fact be higher than the above
order-of-magnitude estimate—they usually range from ~ 1kW/cm® up to
1-10 MW /cm?, where the upper bound is driven by the threshold of mechani-
cal destruction of the sample by powerful laser pulses.

! For expressing the density of excitons or electron—hole pairs, one sometimes exploits the
dimensionless parameter rs = (3/47 nx)13(1/ax); high densities nx are characterized by values
s < 1.

Excitonic molecule or biexciton

Two remarks may be in order. The first one refers to most indirect-bandgap
semiconductors (Si, Ge, GaP). Here, the exciton lifetime is much longer than
10=? s and high exciton densities r; < 1 can already be achieved using cw
lasers or even conventional high-pressure lamps.

The second remark points to the principal superiority of two-photon exci-
tation for studying luminescence of high-density excitonic systems. Owing
to the very slow decrease of excitation intensity along the penetration depth
inside the sample (Fig. 5.15(a)), relation (8.1) holds—contrary to the one-
photon case—very accurately. We can thus achieve a pre-determined value
of homogeneous exciton concentration over the whole volume of the sample,
which is highly desirable for comparing the experimentally deduced density
with various models of excitonic interactions discussed below. Of course, we
have to replace the one-photon absorption coefficient « in (8.1) by its two-
photon analogue «?, defined in the context of eqn (5.22) as

a® = aly = aPex(cm™) (8.2)

(that is, we denote the excitation power density as Pex in this chapter). The
reader is reminded that a is a material constant with a typical value of a =
1073 cm/MW.

However, there is one hitch in this, namely, if we realize how low the amount
of energy deposited generally into the electronic system of the sample under
two-photon excitation is. Introducing @ from (8.2) to (8.1) and expressing
P.x as a function of the required exciton concentration, we get

Pox = /axhve/Ta. (8.3)

Therefore, if we wish to generate a homogeneous exciton concentration nx =
107 em™3, using typical values of hvex =3eV &5 x 10795 t=10"7s
and a = 1073 cm/MW, it follows from (8.3) that the required excitation power
density Pey reaches ~ 100 MW/cm?! Such a high value of excitation power
density is already comparable with the threshold of sample destruction. We
have to carefully look up all possible material parameters (especially the value
of a) in advance, as well as evaluate all the capabilities of our experimental
set-up. Only then can we decide whether the possible advantage of achieving

a homogeneous density of exciton gas would not be nullified by damaging the
sample.

8.2 Excitonic molecule or biexciton

Referring to the similarity between a free exciton and a hydrogen atom, dis-
cussed in Section 7.1, we can expect that with increasing free exciton density a
‘fusion’ of two excitons into an excitonic molecule (EM) or biexciton will
occur, in analogy with the fusion of two hydrogen atoms into a hydrogen
molecule. An EM is a quasi-particle consisting of two electrons and two holes
and propagating freely through the crystal lattice (more exactly, we should
designate it as a free biexciton). It is obvious that the very existence of EMs
m a given semiconductor will be critically dependent upon the ratio of the
electron and hole effective masses ¢ = m. /mp, much like as in bound exciton
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Examples of theoretically calculated
dependencies of the biexciton binding
energy Ep upon the ratio of the electron
and hole effective masses o = me/mp.
Ep is expressed in units of the free
exciton binding energy Ex. Small letters
denote results obtained by different
authors. Adapted from Quattropani and
Forney [4], where the reader can find a
more detailed discussion.

Highly excited semiconductors

complexes discussed in Subsection 7.2.1. Both an electron and a hole are very
light quasi-particles and thus the resulting large amplitude of biexciton zero-
point vibrations will have a tendency to dissociate the excitonic molecule even
at low temperatures. The measure of EM stability against dissociation into two
free excitons is its binding energie Eg.

Theoretical calculations of Ep using diverse variation methods have been
performed by many authors; the results, as compiled by Quattropani and
Forney, are depicted in Fig. 8.2 [4]. It is observed that an EM is a stable
entity (Ey > 0) for an arbitrary value of &, even if, quite naturally, the binding
energy strongly increases in the case of heavy holes.

Tt is important to note that the calculations predict, for typical values of o in
semiconductors (o & 0.1-0.5), that the magnitude of the binding energy Ep
will be approximately equal to one-tenth of the free exciton binding energy:
Ep = 0.1Ex. A biexciton is therefore substantially less resistant to thermal
dissociation than an exciton. An important message for experiments is that for
studying biexcitons very low temperatures are required in most cases (about
1.3-50 K), accessible in liquid helium cryostats only.

Radiative recombination of EMs is a process in which one of the excitons
forming the molecule undergoes a transition to the free exciton n =1 state
while the second one recombines, emitting a photon hvpm. This process gives
rise to a novel emission line (e.g. the M-line in Fig. 8.1). In order to be able
to assign reliably an experimentally observed line to excitonic molecule decay,
we have to analyse its lineshape, intensity dependence, spectral position and
temperature behaviour.

8.2.1 Identification of the EM emission line

The basic guideline for the indentification of an emission line as being due
to radiative decay of an EM is its characteristic lineshape. It turns out to be
suitable to discuss the EM emission lineshape separately in direct-bandgap
and indirect-bandgap semiconductors.

Luminescence of excitonic molecule in a direct semiconductor
To begin, we determine the approximate spectral position of the EM emission
line, neglecting the kinetic energies of all participating quasi-particles.

The formation of an EM through the ‘fusion’ of two excitons with ener-
gies (Eg-EXx), accompanied by a simultaneous release of binding energy Eg,
leads to a biexciton in its ground state with an energy of 2(Eg—EX)—EB (see
Fig. 8.3(a)). Radiative decay of the biexciton generates one photon, Avy, and
leaves behind one free exciton, therefore the total energy of the system reads
hvm + (Eg—Ex). Comparing the above mentioned energies yields the overall
energy balance

2(Eg — Ex) — E = hvm + (Eg — Ex) (8.4)
or

hww = (Eg — Ex) — Es. (8.5)

Excitonic molecule or biexciton
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Hence, the emission line of the EM is shifted with respect to the position of the
free exciton absorption line (Eg—Ex) (or the luminescence line of an exciton—
polariton) by the binding energy Eg towards low photon energies.

I\.Iow-we take into consideration also the kinetic energies in the ensemble of
gxc1t0mc molecules and free excitons. We shall arrive at important informa-
tion on the characteristic biexciton spontaneous emission lineshape IM(hv)
nalpelly, that it is of a mirror-like appearance with regard to the free g(citor;
emission lineshape described by expressions (7.13) or (7.16). We speak of the

igverse Maxwell-Boltzmann distribution (with effective temperature Ty of the
biexciton gas), i.e.

I (hv) = [(Eg — Ex — Ep) — hv]'/?
exp {~[(Eg — Ex — Ep) — hv] /kgTum}. (8.6)

Pr-ior to deriving expression (8.6) rigorously, we shall attempt to understand
this lineshape qualitatively employing Fig. 8.3(a). The biexciton dispersion
curve em(K) = h2K? [4Mexe (Where mexe = me + my, is the exciton mass)
is less curved compared with the exciton curve €x(K) = A2K?/2meyc. The
highest emitted photon energy thus belongs to the downward transition at
K = |0) and is, according to (8.5), equal to (E,—Ex)-Egp; radiative decay of
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Fig. 8.3

Radiative decay of an excitonic molecule
in an E(K) diagram for (a) a
direct-bandgap semicenductor and (b) an
indirect-bandgap semiconductor with the
indirect bandgap situated at K. The
scheme goes, of course, beyond the limit
of the one-electron approximation
(otherwise the energy level of the
excitonic molecule would be
‘submerged” high up into the conduction
band).
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biexcitons with non-zero kinetic energy at K # |0) results in lunﬁnesgence
photons with lower energy, which is depicted in Fig. 8.3(a) by the transition M
between states Eo and E;. Therefore, the emission line will have an asymmet-
ric shape characterized by a high-energy edge at (Eg—Ex)-Eg followed by a
low-energy tail. . '

To derive (8.6) we shall apply a procedure similar to that utilized in
Subsection 5.2.1 for deducing the Maxwell-Boltzmann distribution (5.9a).
Spontaneous emission of a luminescence photon pertaining to radiative decay
of a biexciton IS“[’,I (hv) is driven by (i) the optical joint density of states oM (l.w),
coming from the relevant densities of states in the exciton and bxexcn‘c‘).n
bands,? (ii) the population fraction fy(hv) of the biexciton states and (iii)
the transition matrix element My

M) ~ pr(hv) fia(hv)| M. (8.7)

The matrix element My is considered to be independent of hv. Referring to
Fig. 8.3(a) we can write

Ey = 2(Eg — Ex) — Ep + W2 K [4mexe, (8.8a)
E) = (Eg — Ex) + h*K?[2mexc, (8.8b)
which immediately implies
hv = Ey — Ey = (Eg — Ex — Ep) — W2 K> /4 mexe, (8.8¢)
hence
dm
K? = h;’“ [(Eg — Ex — Ep) — hvl. (8.9)
Inserting for K from (8.9) to (8.8b) yields
Ei =2I(Eg — Ex — Ep) — hv] + (Eg — Ex). (8.10)

Let us suppose now that the density of states in the exciton band px has
the common square-root form, fully analogous to the densities of states in the
conduction and valence bands, expressed by formula (5.4):

2/3
px(E1) = %"‘# JE1 — (Eg — Ex). (8.11)

By using the incremental relation
px(E1)dE1 = —pm(hv) d(hv)

(the ‘-’ sign means here that the loss of one free exciton state is equivalent
to the generation of one photon Av) along with (8.10) and (8.11) we find the
optical joint density of states

om(hv) = —px(E1) dE1/d(hv) = —px(E1)(-2)

«/E(Zm ::xc)?'/2
- a2 h3

JE—Ex—Ep) -, (312

2 The reader is reminded that the possibilty of introducing the joint density of states follows
from the verticality of the transitions depicted in Fig. 8.3(a).

Excitonic molecule or biexciton

Finally, the population factor fy(hv) in (8.7) can be determined quite
easily: Since both biexcitons and excitons are composed of an even number
of fermions, they have integer spin and are, therefore, bosons. Then, there is
no need—-contrary to direct interband e—h transitions—to formulate any math-
ematical condition concerning the occupancy of the exciton dispersion curve;
the population fraction is driven exclusively by the occupation probability of
the upper (biexciton) level. This is given by the Boltzmann factor

fn(hv) = exp(—h>K? /4 mexe kg Tar)
= exp[—(Eg — Ex — Eg — hv) /ksTwm] -

By combining this expression with (8.12) we obtain, according to (8.7), the
emission lineshape of biexciton luminescence (8.6).

The reader will have certainly noticed that the above considerations were
conducted under the tacit assumption of the validity of not only energy con-
servation, but also quasi-momentum conservation for the whole recombining
biexciton population. In other words, all biexcitons are supposed to take part
in the radiative decay, independently of the magnitude of their wavevector K.
This represents a fundamental difference from the free exciton luminescence
in direct-bandgap materials, where the radiative recombination can occur only
for K = |0) and when the polariton effects play an important role, as we have
clarified in Subsection 7.1.2. When dealing with biexcitons we have not been
speaking about polaritons at all. Is this standpoint correct? And if it is the case,
then why?

Yes, this approach is basically correct for the following reason: The biex-
citon momentum £K is carried away by the so-called recoil exciton, which is
released during the luminescence process

AK=n Kphoton(g 0) + % Kexe, (8.13)

thereby ensuring the momentum conservation law for any value of K. For the
same reason the influence of the polariton effects (being limited to a small
region |K| < 10° cm™!) on the overall emission lineshape can be, in a good
approximation, neglected. From what has just been said it follows immediately
that biexciton luminescence can become a very effective channel of radiative
recombination in highly excited semiconductors, and may even take part in
stimulated emission.

The typical asymmetry of the free biexciton emission lineshape in direct-gap
semiconductors is documented—in addition to Fig. 8.1—also in Fig. 8.4(a)
[5]. The investigated material is crystalline copper chloride, CuCl; the solid
curve denotes experimental data, the dashed curve represents the theoretical
lineshape (8.6) with effective temperature Ty = 18 K and binding energy
Eg = 28meV. The presence of two lines is due to transitions to the longi-
tudinal and transverse exciton states, split by Arr &~ 5 meV. The relevant exci-
tation photon (hvex = 3.7eV) flux was lex = 8 x 10%! photon/cm? s (Pex &
4.8kW/cm?). A further increase in excitation intensity leads to biexciton colli-
sions accompanied by a deviation of the experimental lineshape from (8.6); the
line becomes more symmetric. A temperature increase entails a similar effect.
For the sake of comparison, Fig. 8.4(b) displays the biexciton emission line

211



212

Fig. 8.4

(a) Biexciton emission spectrum in CuCl
(direct-gap semiconductor) at a bath
temperature of 4.2 K, excited by a pulsed
Na-laser (337 nm). Solid curve -
experiment, dashed curve — theoretical
lineshape after (8.6). The line Mt (My)
is due to a transition to the transversal
(longitudinal) exciton level, respectively.
After Grun ef al. [5]. (b) Spectrum of
edge emission of AgBr (indirect-gap
semiconductor) at a bath temperature of
3 K under Ny-laser excitation,
comprising a free exciton line Itg (FE)
and a biexciton line M. This figure
demonstrates clearly the mirror
symmetry of both lines. Solid curve —
experiment, symbols — theoretical fit of
the Ito(FE) line employing (7.16) and of
the M line according to (8.16), using the
parameter [' = (h2/2 a?w mexc)/ kg Tm
equal to 4. The effective temperatures of
the exciton and biexciton gases turn out
to be equal: Tx = Tyt = 19K. After
Baba and Masumi [6].
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in an indirect-gap semiconductor (AgBr [6]); the corresponding lineshape will
now be discussed.

Luminescence of excitonic molecule in an indirect semiconductor

Given the exciton band minimum located at a wavevector Kg # 0, then biex-
citons are characterized by wavectors around 2Ko. Consequently, phonons
with momentum ~ iK (and energy fiw) have to participate in the process
of radiative biexciton decay. This is certainly an important difference with
respect to the biexciton luminescence in direct-bandgap materials; neverthe-
less, we shall see that this fact has no principal impact upon the emission
lineshape.

The line will be—at low temperatures—of a shape very similar to the inverse
Maxwell-Boltzmann distribution. We can draw such a conclusion by looking
at Fig. 8.3(b). Downward transitions from the minimum of the EM disper-
sion curve (where at T /= 0K the entire biexciton population occurs, having
kinetic energy em = 0) give rise to photons with maximum available energy
hvm = Egi-EX—EB-hco, provided the final state of the transition is located at
the exciton dispersion minimum, i.e. at ex = 0; all other transitions (to higher
exciton states) may result in lower photon energies only. Consequently, the
emission line will have a sharp high-energy threshold on the one side, and a
low-energy tail on the other—as yet, everything is basically the same as in
biexcitons in direct-gap semiconductors. Even so, with rising temperature now
the high-energy edge will become broader, because biexcitons will gradually
occupy also higher states em > 0 on their dispersion curve, and downward

Excitonic molecule or biexciton

transitions from these states to the minimum of the exciton states € x = 0 yield
photon energies higher than Avy = Eyi — Ex — Eg — ho = Eg — ho.

' Itis .obvious that also in the indirect bandgap the entire population of biex-
citons is parti c_ipating in the luminescence process, because the law of momen-
tum conservation is met again, this time owing to participating phonons hw.

Let us now attempt to indicate how one can formulate a mathematical
description of the emission lineshape. The concept of joint density of states
cannot be—unlike the direct bandgap—introduced here. We have to deal with
the task in a slightly different way, namely, in analogy with expression (5.10)
the_it d§teﬂnines the luminescence lineshape of recombining free electron-hole
pairs in an indirect bandgap. This expression is sufficiently universal. We can

Fhu§, making use of (5.10), write down for the case of EM luminescence in the
indirect bandgap

1111\1{("1”);fPM(EM)fM(EM)PX(EX)fX(EX) IM&" 2dEM, (8.14)

where €y and ex stand for the biexciton and exciton kinetic energy, pom(em)
and px_(ex) denote the densities of states in the biexciton and exciton bands
respectively, and fi and fx mean the relevant occupation factors. Meanwhile,
we keep the squared matrix element | MM |? within the integral and we -
ml}t explicitly shown the integration limits. These can be found easily from
F:g. 8.3(b). For a given constant value of #v we have to perform the integration
\?.Vlﬂ'l respect to € obviously from a certain lower limit to infinity; the lower
limit can be derived from energy consideration (Fig. 8.3(b))

ex+ (hv+hw)=ey + (Egi — Ex — EB) (8.15)
?pp}tied for ex = 0. Accordingly, making use of (8.15) yields for the lower
1mi1
ey = (hv + hw) — (Egi — Ex — Eg) = hv + ho — E.

We denote this lower limit as Av = hv + fiw — Ep.? In addition, with the aid
of (8.15) one can write down

ex=€em—hv

and for the densities of states in the parabolic approximation of e(K)

we obtain pm(€ p) & /€M, px(€x) &~ v/ (Em — hv). Thereby, expression
(8.14) becomes

2
dEM.

Bom ~ [ e e — o e st |
hv

In th.'e case of b?sons occupying their ground state (i.e. excitons on their dis-
persion curve th‘h a local minimum at Kg) the occupation factor fx does not
need to be taken into account. The biexciton population factor referring to the

' It m;ght be Of‘ interest to note that this lower limit Av may be considered an analogue of the
df)per [_umt in the integral (5.10). This ‘exchange’ of limits arises because here the parabolas of
e excited (EM) and ground (FE) states are curved in the same sense.
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uppet dispersion curve reads fm(em) =~ e.Xp(“EM /kpTw) and the biexciton
emission line is therefore described by the integral

7 ﬁ em ‘M-M 2
Iilgl(]’lv) A f [Emy] EM — hvexp —kBTM in
hv

Until now we have always considered the matrix element .M of the optlcfil
transition in integrals of the type (8.16) to be a constant, which can be qu in
front of the integral. However, this appears hardly acceptable here, f{)r jche sim-
ple reason: if IMil}l'1 |2 = const, then (8. 16) would result_m a anot_onlc ;nc're:ﬁe
of the emission spectrum towards low-photon energles, which is pdys1c ly
impossible. Indeed, with decreasing hv (and thus also hv)'the secon tem; 111;
the integrand (8.16) is increasing and, simultaneously, the integration rangiouS
getting broader while keeping all other parameters con.stant. Ht:nce,dvar‘3 "
phenomenological models have been proposed ;10 estabhsh the depen er;: o
MM on epm or K, ie. Mﬁ’f = Mﬁ’f(eM) ~ My (K); this dependence shou y
prg]duce a rather sharp maximum of M f‘[’ll at Ky = 2Kx. Cho [7] has propose
a matrix element of the form

dem (8.16)

2
MM zzlﬁ_ftc_ﬂzr__i , (8.17)
1 (Km/2 — Kx)* + (1/am)

where Co = const and am stands for ‘biexciton radius’, or the .average sep-
aration of the two holes 1n a biexciton. In other words,_aM is a (%Earlmt-y
determining the spatial extent of the biexciton wavefunc_tlon; as such, 1(; is
of the same order of magnitude as the exciton BohIlradl.us ax. The huri te;—
lying physical background of expression .(8.17) consists in tEesza;ct éoiiv ! »:)
matrix element drops rapidly from its maijclmqm value at K@ =2 Xd ke
almost zero just for | Knm/2 — Kx | = ay; . This reflects the rpagmtu e’ of t
biexciton in real space. The radius ap thus becomes. a clrucwl fz-:lctor §lr1V1ng1
the emission lineshape; this factor is usually emboc?jed 1q the d1men51qn1§ss
parameter I' = (R*/2 aﬁd Mexc) /KB T A detailed discussion of Fhe em_Jsslfon
lineshape (8.16) employing the matrix :lemec?t (?:.17) together with a hint for
ical integration can be found in Appendix L. o
nu?iegi(r::l&ﬂr(bg) shows the emission speqrumlof AgBr in t}.le edgelet‘mss%ﬁz
region, acquired under high photoexcitatlop with a pulsed mt}'og.en daser. e
spectrum contains two lines—an I1o(FE) line, ascribed to radiative ecla\i ;
free exciton accompanied with the emission of a TO-phonon, and an‘ d~ Elei
being due to radiative decay of a biexciton. It. is commonly su.ppoa,el ht ﬂf:l
biexciton annihilation is, apart from photon emission, accorppamed with the
emission of the same type of phonon as free exciton decay, i.e. a TO-phonon
in this case. The biexciton line here therefore wm%ld haye .been corre.cilly
denoted as Ito (M) or Ito(EM) rather than simply M, if one insisted on_stnct)i
adhering to notation.* Theoretical fits (symbols) follow the experimenta

W] i S al
It can be shown that a blexciton has in most cases the sar'ne full \%ymmetry '3.5 thlﬁ ?‘,ll‘iystt
UTOHD.CI state (I 1) hence the SClﬁCtiOn rules fo biexciton and exciton luminescence are similiar

& 1 ar to

each other.

Excitonic molecule or biexciton

data more than satisfactorily. It is seen that the typical M-line asymmetry—
broadening towards the long-wavelength side, i.e. a resemblance to the inverse

Maxwell-Boltzmann distribution—is indeed conserved even in indirect-gap
semiconductors.

M-line intensity dependence

Apart from the lineshape analysis, the behaviour of the M-line as a function of
the photoexcitation power density represents an important auxiliary guideline
for firm identification of the experimentally observed biexciton emission line.
Intuitively we should expect this dependence to be quadratic. Although exper-
iment does confirm the dependence of the biexciton luminescence intensity
upon the excitation intensity to be superlinear, /M ~ I, the exponent n
amounts to only n = 1.4-1.6 in most cases. This rule holds independently of
whether the forbidden gap is direct or indirect; n = 2 is seldom attained. An
explanation has been put forward by the Knox et al. [8] through a kinetic the-
ory, similar to the model discussed in Section 3.5, which describes the simul-
taneous occurrence of both monomolecular (here exciton) and bimolecular
(here biexciton) luminescence. The authors [8] divide excitons photogenerated
by band — band transitions into ‘optical’ and ‘thermal’ ones, supposing that
biexcitons can be created by fusing thermal excitons only. They arrive at the
M-line intensity dependence

™ = const(+/1 + Iex /1o — 1)%, (8.18)

where Iy stands for the characteristic material-dependent excitation intensity.
Evidently, for Iox < Iy we can approximate /1 + lex/lo & 1 + Iex /2 Iy and
M scales with Jey quadratically, while for Iox > Ip the dependence (8.18)
turns out to be linear: I ~ I.. This corroborates qualitatively the experi-
mental observations; the reader is reminded about the resemblance of (8.18)
to relations (3.24) and (3.26). Simultaneously the model [8] predicts that the
intensity dependence of free exciton luminescence should be linear, also in
accordance with experiment.

Figure 8.5 shows the superlinear growth of biexciton luminescence in AgBr
(IM ~ 113). Tt may be of interest to specify the relevant experimental condi-
tions [9]. The excitation was performed by ~ 2 ns pulses of a dye laser, the
Ito(FE) and M lines were observable only in a temporal window coincident
with the laser pulse; then the emission spectra and the intensity dependence
were recorded. Further development of the spectra with increasing delay after
the excitation pulse, recorded with the use of time-resolved spectroscopy, is
displayed in Fig. 2.48. It can be seen how the fast edge emission Ito(FE) and
M fades away, free excitons and biexcitons become gradually localized on the
iodine ions and a slower emission band emerges at 500 nm, due to excitons
localized on the isoelectronic impurity I™.

To confirm further the interpretation of the emission M-line as being due
to EM decay, it is highly recommended to analyse its spectral position and
temperature behaviour. They are closely connected with the determination of
two important EM parameters: the binding energy Ep and the radius ay.
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Fig. 8.5

Edge emission of AgBr under pulsed
laser excitation at a bath temperature of
T a2 10 K. The nonlinear growth of the
biexciton M-line with increasing
excitation intensity fex({m corresponds

to = 0.7MW /em?) is clearly observable.

The inset demonstrates the dependence
of the integral M-line intensity

M~ L5, The Iro(FE) line is due to
free exciton decay, and the EHL line
originates in the electron-hole liquid.
After Pelant ez al. [9].
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8.2.2 Determination of biexciton parameters

The biexciton binding energy Eg in direct-bandgap semiconductors can'be
extracted readily and quite accurately from the emission spectrum. Accc_)rdmg‘
to (8.5), Ep is equal to the energy separation between the emission line of
a free exciton—polariton and that of a biexciton, or more precisely, to the
separation between the centre of the polariton line and the high-energy edge of
the biexciton line. . o

Less obvious is how to determine Ep in a semiconductor with an indirect
bandgap. There, the high-energy edge of the M-line gets broader at T > O.K,
as discussed in the context of Fig. 8.3(b). Fortunately the model [7], making
use of the matrix element (8.17), comprises in the theoretical curv?, pot only
the relevant lineshape but also an energy position pertinent to th-e minimum of
the biexciton dispersion €m(K). This position is indicated in Fig. S.4(b) by a
vertical line at 2.669 eV (~ 464.5nm). The determination of Eg is then the
same as mentioned above: as the energy separation of this line from the energy
coordinate pertinent to the minimum of the exciton dispersion € x(K), i.e. from
the vertical line at 2.676 eV (~ 463.2nm). This is how we get Ep ~ 7TmeV in
AgBr. .

This mode of assessing the EM binding energy is designated as spec-
troscopic. An independent determination of Ep consists in investigating the
intensity variations of the FE and M lines with varying temperatur.e e.md‘ can
thus be called a thermodynamic method. It is applicable above all in 1ntli1rect
bandgap semiconductors where the free exciton emission line. is sufﬁae_:mly
strong. The principle is as follows: In the course of sample heating, blexcnoqs
undergo thermal dissociation more easily than free cxc_itons do, b-ecagse thfill‘
binding energy is always smaller, Ep < Ex. Due to this, the M-line intensity

Excitonic molecule or biexciton

drops substantially faster compared with the intensity fall of the FE-line. In
thermodynamic equilibrium, and provided a quadratic proportion /™ ~ Iezx o
(1')2 is valid, we can anticipate that the intensity ratio R = (1) /1™ will
be apparently driven by a factor exp(—Eg/kpTM). A more exact derivation
leads to the even sharper dependence

(I7F)? Ep
R = pi—~ Tyexp |~ ) 8.19)

where the value of the exponent & varies depending on whether the free
movement of the quasi-particles FE, EM is not limited in any way (k = 3/2)
or whether they are localized in a certain place of the sample, for instance in
a potential well created by a local deformation of the sample (k = 3) [10].
A semi-logarithmic plot of R* = (I"E)2/IMT¥ against 1/kg Ty then yields
ER as the slope of the straight line.

Such a plot is shown in Fig. 8.6 for crystalline silicon at three different
levels of laser excitation [10]. It can be seen that the slope, i.e. the bind-
ing energy Eg, is independent of the excitation intensity (in fact, there is
no reason why it should be dependent); we get Eg = 1.53meV, in good
agreement with spectroscopic value Eg = 1.46 meV. In this case the exponent
k = 3 was applied in (8.19), because the gas of free excitons and biexcitons
was spatially localized in a potential well. This localization made it possible
to attain sufficiently elevated concentrations of both FE and EM under not
excessive optical pumping levels. As a consequence of this approach a purely
quadratic dependence [ Mwlezxm (I"E)? was observed in experiment—since
the condition fax <€ I was fulfilled in (8.18)—justifying the use of eqn (8.19).

It is worth mentioning that experimentally observed binding energies Ep in
various materials systematically exceed theoretical values. This is documented
in Table 8.1 (the only exception to this rule being copper halides CuCl and
CuBr). The reasons are not clear. Often one blames the theoretical approaches
for not taking into account at least two factors: (i) the effect of lattice polar-
ization in polar semiconductors, which may raise Ep substantially and (ii) the
process of creating a biexciton from two excitons located at different valleys
of the conduction (valence) band in indirect semiconductors. For in this way
one can generate a two-electron triplet spin function connected with a lower

Table 8.1 Comparison of the experimental and theoretical values of EM binding energy in sev-

eral semiconductors (d — direct bandgap, i — indirect bandgap). The values of Ep are given
in meV.

Semicondutor Eg experimental Ep calculated
CuCl (d) 28-34 41-44
AgBr (i) w7 1325
Cds (@ il 25
Zn0 (d) 12-16 59
GaAs (d) ~0.7 ~0.4
Si(i) 1.2-1.5 0.45-1.1
Ge (i) ~0.3 i)
Hgl, (d) ~6 ~725
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Fig. 8.6

Thermodynamic determination of the
EM binding energy in silicon at three
levels of laser excitation. Symbols—
experiment, lines—fit by the quantity
R* = R/Tl.?f1 with the use of (8.19).
Taking into consideration the relatively
long lifetimes of participating
quasi-particles along with not too high
excitation, Ty = T (bath temperature)
holds. After Gourley and Wolte [10].
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Fig. 8.7

Free exciton collisions in the E (K)
scheme. K, K’ denote the exciton
wavevectors before the collision, k is
pertinent to internal e~/ pair movement
(h2k2 /2my) and K” to its translation
movement (hz Ki? /2(me + my)) after
the collision.

Highly excited semiconductors

lying energy level compared with a singlet state of two excitons located in the
same valley (there, conforming to the Pauli exclusion principle, two electrons
must be of antiparallel spins, i.e. total spin § = 0). Thereby the EM dispersion
curve in Fig. 8.3(b) may shift downwards, raising the binding energy Eg.

The above considerations are in qualitative agreement with Table 8.1. The
most marked difference between the experimental and theoretical values of Eg
occurs in AgBr, where—as in a polar, indirect-gap semiconductor—both fac-
tors enter the play. Any quantitative theoretical estimates are lacking, though.

The second biexciton parameter, the radius am, can be found relatively eas-
ily from luminescence measurements in indirect semiconductors. When fitting
the experimental lineshape with relations (8.16) and (8.17), the variable para-
meters are I' = (h? /Zal%,1 Mexe) /kp Ty together with the reduced wavelength
axis v /kaTy = (hv + ho — Eo)/kg T [7]. This enables an independent
determination of both Ty and an. The fit shown in Fig. 8.4(b) yields, for AgBr,
=4, Ty = 19K and ay =~ 2.6nm. In direct-bandgap sericonductors, on
the other hand, there is no similar straightforward and commonly accepted
method to establish ay experimentally.

The last remark in this section concerns bound (localized) biexcitons. It has
been found that free biexcitons, similarly to free excitons, can get localized
close to impurity atoms. Actually, this 1s not surprising if we recall bound
multiexciton complexes (Subsection 7.2.1). A bound biexciton can be regarded
as a limiting case of a bound exciton complex composed of two excitons, even
though the process of creation (localization) may be slightly different. In the
case of high excitation, biexcitons as a whole get localized preferentially. The
relevant emission line, originating in radiative decay of bound biexcitons, is
red-shifted with regard to ( Eg)—Ex—Eg) and features properties analogous to
other extrinsic radiative channels, namely, its shape is symmetric, does not vary
either with excitation intensity or temperature and the line exhibits saturation
behaviour.

Bound biexcitons have been discovered via luminescence measurements in
GaP, CuCl and AgBr.

8.3 Collisions of free excitons

Another type of interexciton interaction that can manifest itself in lumi-
nescence spectra at higher excitation power densities is inelastic collisions
between free excitons (X=X collisions). Two FEs, instead of fusing and creat-
ing an EM, collide with one another while one of the two FEs dissociates into
a free e—h pair and the remaining one recombines radiatively emitting a photon
hvp. This photon energy, however, is reduced compared to the n = 1 FE state
by an amount passed over to the first exciton and making it dissociate—and
this is the very exciton binding energy Ex.

Let us consider a direct-bandgap semiconductor, Fig. 8.7. Energy balance
then reads

2 free excitons — photon + free e—h pair

(Ey — Ex) + (Eg — Ex) ~ hvp + (Eg + ESD),

Collisions of free excitons

and thus
hvp ~ (Eg — 2 Ex) — EX, (8.20)

where EF! = h%k* /2 me+-h? K" /2 (me + my) stands for the kinetic energy
of the created electron—hole pair. A new emission P-line therefore appears, red-
shifted from the spectral position of an exciton—polariton (which is E,—FEx)
roughly by Ex(see Fig. 8.1 and Problem 8/1).

Experiment reveals that the final state in this collision process does not
necessarily have to be always a free e—h pair. The exciton, acquiring energy
at the collision, may happen to be excited only to some higher lying but still

l.:;m;nded exciton state (n = 2, 3,4, ...) and the energy of the emitted photon
is then

hvp, ~ (Ey — Ex) — Ex(1 —1/n%),n =2,3,..., 00, 8.21)

which is nothing but a generalization of (8.20) with simultaneous neglect
of kinetic energy. In Fig. 8.8 there are emission spectra of a high-purity
monocrystalline ZnO sheet under high excitation with an electron beam at
T =10K [11]. Owing to the extreme purity, the emission line of the exciton
localized on a residual impurity (denoted Ig) is strongly suppressed, enabling
the observation of two lines in the P-band, corresponding to photon energies
hvpy and hvpe according to (8.21).

The basic features of the spectral shape of the emission line accompanying
t!le creation of a free e—h pair (n = co) can be readily guessed: The Py,
line should have a high-energy threshold at E;—2Ex and is expected to be
asymmetrically broadened towards the low-energy side, since for the e—h pairs
tl?ere exists a continuum of energy states. The creation of an e~h pair with high
kinetic energy Eé“{l‘ then leads, in compliance with (8.20), to the emission of
lower-energy photons.

Moriya and Kushida studied this lineshape theoretically in the framework of
perturbation theory and found that [12]

(1+&/Ex)*

1 [E,—2Ex—hv—£\>
xexp[—r—m( il il ‘E)} (8.22)

(MY denotes the optical matrix element and nx the concentration of free
f:xcitons). The physical meaning of the double integration in (8.22) consists
n the_ fact that photons with a given energy hv may originate from numerous
combinations of initial (K, K') and final (k, K”) wavevector pairs. In practise,
however, this theoretical lineshape is seldom compared with experiment. There
are several reasons for this. On the one hand, a background composed of
many lines due to impurities (BE, e-Al, h-D°, etc.) often occurs in this
spectral region, which makes the lineshape analysis of the P-line difficult; on
the other hand, the very theoretical expression (8.22) is based on a simplified
approximation of the interaction potential between the two excitons which is,

Poo P [* 82 fof g
1522 () ~ | M| hvnxfdg fdz
0 0
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Emission spectra of pure ZnO under
electron beam excitation (40 kV, ~ 100
ns pulses) with two different current
densities Jex. Apart from the P-band, the
bound exciton line Iy and its LO-phonon
replicas can be seen. The P-band grows
superlinearly with increasing excitation
current density at the expense of other
lines. Arrows indicate emission
wavelengths calculated using (8.21) for
n=12,3,4,andco. T = 10 K. After
Hvam [11].
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in reality, rather complicated. It is worth noting that (8.22) contains a term ng{,
therefore one can expect a quadratic dependence of [SP;) upon the excitation
intensity; Fig. 8.8 basically confirms this expectation.

The close resemblance of the M- and P-lines (superlinear growth, line asym-
metry) invokes the following questions: When can we in an experiment expect
the creation of excitonic molecules and when are inelastic exciton collisions
more likely to occur? Or do both of these mechanisms take place always
simultancously, as Fig. 8.1 indicates?

The answer to these questions is neither simple nor unambiguous. There is
no strict theoretical prediction as to when (at what excitation level) and where
(in what material) we should expect this mechanism or that one to occur.
Of course, in a qualitative manner we can come 0 the conclusion that the
fusion of two excitons into an EM will prevail at relatively lower excitation
power densities and provided Ep is sufficiently large. For if we create a very
high concentration of free excitons possessing, moreover, a non-equilibrium
excess kinetic energy (‘optical excitons’ introduced in Subsection 8.2.1), then
the collision process will probably predominate. (The interacting excitons will
‘have no time’ to fuse; only a collision followed by one exciton annihilation
will set in.) The observed predominance of exciton collisions under pumping
with high current density electron beams seems to support this conjecture.
However, there is certainly a relatively broad range of laser excitation power
densities where both ‘M’ and ‘P’ actions occur simultaneously. Radiative
decay of the EM as well as Juminescence due to exciton collisions can easily
result in stimulated emission, as we shall see later.

All considerations held in this section concerned direct-badgap semicon-
ductors. Till now the P-line has not been observed in any indirect-bandgap
material (Problem 8/3). On the contrary, in the next section we shall discuss
a luminescence process taking place exclusively in indirect semiconductors,
namely, radiative annihilation of an electron-hole liquid.

8.4 Electron-hole liquid (EHL)

Another qualitative alteration of luminescence (but not only luminescence)
behaviour of a semiconductor, linked with high exciton densities, is exciton
condensation into a new state of matter, named an electron—hole liquid, EHL.
We have already introduced the concept of an exciton gas; the condensation
of excitons represents a phase transition that can be regarded as a quantum-
mechanical analogue of the well-known classical gas condensation into a liquid
(water vapour molecules in the atmosphere condense into droplets constituting
fog or rain). In the case of excitons one speaks of a Fermi liquid—a degenerate
electron-hole system—composed of free fermions, electrons and holes. Simi-
larly to the classical case, also particles of this particular liquid form spherical
drops, inside which they are held together by means of internal forces and
surface tension; hence also the term electron-hole drops (EHD) is sometimes
used.

The typical diameter of these drops amounts (0 several pum. It should be
stressed again that the drops do not contain excitons but free electrons and

Electron-hole liquid (EHL)

- T T 7O T
so4 S1 i! o 4
) gas of unpaired

- Jree exciton gas : electrons and holes
—_~ - o] 1
< o 1
o Mot criterion—>y  ©
g 307 1 © 7
% 1 fe] T; ¥
o
% -
3

101 1015 10'¢ 107 1018 10"
Average density, all phases (pairs/cm3)

holes. The thing is that excitons in the condensate immediately ‘break up’
therefore the designation ‘exciton drops’, which is sometimes used, is not cor—’
rect. The density of e—h pairs inside the drops may be higher by several orders
of magnitude than the concentration of excitons remaining in the surrounding
gas phase, as we shall see shortly.

To liquefy a classical gas, it is necessary to reach a critical pressure and to
descend below a critical temperature, the whole process being advantageously
sketche.d in a p, T (pressure, temperature) diagram. As for the exciton con-
centra_tlon, it appears more illustrative to apply an n, T (density, temperature)
coord}r}ate system and to speak about the critical density n of e~h pairs and
the cnm.:al temperature T; of the liquid. The phase diagram of an electron—hole
system in silicon is shown in Fig. 8.9. The values of the critical temperature
and the critical density are T, = 25 K and . = 1.2 x 10'® em ™, respectivel
An EHL cannot survive for T > T . , g
. The e—h pair density in EHL at a given temperature is driven by the liquid
interface of the two-phase coexistence region (shadowed area), where the e—h
sy§tem sgparates into a liquid and the surrounding gas phase. It can be seen that
Fhls density is ng &~ 3 x 10¥ cm™ and is only weakly temperature dependent
in the range 0—15 K. On the left and above the coexistence region only the gas
of free excitons may subsist.

Similarly to the case of excitonic molecules, of fundamental importance is
now to ask about the stability of the EHL, or to ask which parameter plays
the role of the binding energy Eg here. Prior to establishing such a parameter
we dBﬁI:IE: the ground state energy Eg(n) of the liquid, allotted per one e—h,
pair. Thls energy is given by the sum of the kinetic, exchange and correlation
energies and it exhibits, as a function of the e~/ pair density, its minimal value
at the equilibrium density no. Should the EHL be a stable and energetically
favourable phase compared to the free exciton gas, this minimum must be
located deeper than the ground exciton state level, referred to the bottom
of the e~ continuum of states. In Fig. 8.10, this means that the relation
|Eg(ng)| > Ex must hold. The difference ¢ = |Eg(np)|—Ex then represents
the (material dependent) EHL stability parameter we are looking for. ¢ is
called the binding energy of the condensate with respect to free excitons (or, in

analogy with thermionic electron emission, the work function). It is the ene;'gy
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Fig. 8.9

The phase diagram of photoexcited
electrons and holes in silicon. It can be
deduced, e.g., that for an average e—h
pair density of ~ 1017 em™? and

T = 15K a saturated free exciton gas
with a density about 1016 cm=3 coexists
with drops of EHL; in each of these
drops there is a concentration of e—h

" pairs ~ 3 x 10'8 em3, The dashed

curve and open symbols denote
theoretical and experimental values of
the Mott insulator—metal transition
(Section 8.5). After Shah et al. [13].

energy per e-h pair

Fig. 8.10 -
Schematic drawing of the EHL ground
state energy per electron-hole pair as a
function of the reciprocal pair density.
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required to ‘evaporate’ one e—h pair from the liquid.®> The condensate is stable
if and only if ¢ > 0.

Various theoretical approaches to calculate Eg(n) or ¢, along with obtained
results, are summarized, e.g., in [14] and [15]. Theory reveals that the EHL
stability may profit from specific features of the energy band structure of
indirect-bandgap semiconductors. In particular, the long exciton lifetime and
several equivalent conduction band minima v, in, e.g., Si and Ge (or sev-
eral equivalent valence band maxima vy in AgBr) promote the chance of
photoelectrons (photoholes) to reduce efficiently their kinetic energy. This
entails an important increase in stability and cohesiveness of the condensed
phase. Quantitatively, the increased number of equivalent band extremes Ve
(vy) appears in the expression for the density of states in the bands. Instead of
(5.4) we have to be more specific now and write down

(2mae)’? El2

pc(E) = ve 2 23 e
(zm 3/2
oy(E) = u\,—z—“;‘;—3 F/a (8.23)

The factors ve and vy describe the fact that the electrons and holes have
at their disposal vc-times oOr vy-times more available states, respectively, in
comparison with a semiconductor having a single band extreme. (In a semi-
conductor characterized by a simple band structure with a direct bandgap at
the I" point, vc = vy = 1 holds, while in silicon ve = 6, vy = 2.) Furthermore,
instead of simple effective masses me, mn, which belong to idealized par-
abolic bands, we have to consider now the so-called density-of-states effective
masses Mde, Mdn that take into account the complex band structure of real
semiconductors Si, Ge, AgBr, etc. Namely, they involve the anisotropy of
the effective mass and the existence of heavy and light holes with markedly
different masses [14].

The kinetic energy of photocarriers gets reduced because its mean value
is equal to 3/5F, and 3/5Fy(Fe, Fy being the Fermi energies of electrons
and holes, respectively), see Problem 8/4. A pure mechanical analogue may
be invoked: if we pour a liquid (here the photoexcited electron—hole fluid)
uniformly into several vessels (here several valleys of the conduction or the
valence band) instead of a single one, the liquid levels in the vessels become
inversely proportional to the number of vessels used.

It has been demonstrated that further promotion of ¢ arises from the inter-
action of electrons and holes with LO-phonons. A very stable EHL with a
high T therefore occurs in polar semiconductors with an indirect bandgap
(AgBr, GaP). On the contrary, the short exciton lifetime along with the single
conduction band valley in the I' point of direct semiconductors do not allow
the necessary conditions for exciton condensation to be reached, even though
this issue had been intensively discussed throughout the 1970s and 1980s.

5 Upon leaving the condensate, such a pair is immediately bound and creates a free exciton.
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8.4.1 Luminescence determination of EHL parameters

The EHL represents an electronic excited state of a semiconductor, which fades
away rapidly (107°-107%s) after the cessation of the excitation effect. How-
ever, the EHL emits its characteristic luminescence radiation that originates
(even in the steady state) through the radiative recombination of electrons and
holes constituting the condensate. The probability of radiative recombination
in the EHL is even increased several times compared to a system of free carriers
of the same density (due to the so-called enhancement factor) because of the
correlation existing between the electrons and holes. The EHL luminescence
is of intrinsic type and its emission spectrum features a relatively broad band
rather than a single narrow line; this reflects the Pauli exclusion principle,
according to which each level in a system of fermions can be occupied by
two electrons (or holes) at the most (Fig. 8.11). Referring to what has been
discussed above, this band appears in the emission spectrum as soon as the
pumping level exceeds a certain threshold level, provided the condition T’ < T,
holds at the same time.

Let us now discuss what the emission bandshape looks like; simultaneously
we shall learn how we can, by analysing the emission spectrum, extract the
two most important EHL. parameters, namely, ng and ¢. These are listed, for
selected semiconductors, in Table 8.2.

. The formation of EHL luminescence is evident from Fig. 8.11. The emission
lineshape is defined through a combination of all the occupied electron states
with all the occupied hole states, the momentum conservation rule for all
recombining e—h pairs being ensured through the participation of a phonon
hw. Formally therefore we can start with the convolution integral (5.10) that
has been derived for allowed indirect recombination processes

hv
Bl (pyy ~ |MF/ VEVhY — E fo(E) fy(hv — E)dE, (8.24)
0

and where hv = hv + hiw — E,.
Now we perform in (8.24), compared to (5.10), two formal adjustments and
then one essential physical modification.

Table 8.2 The basic EHL parameters of selected semiconductors (experimental values);

np, ¢ and 7. denote the equilibrium density, the binding energy and the critical temperature
respectively. ,

Semiconductor np (em™3) @ (meV) T (K)

Ge 2.4 x 1017 1.5 6.5

Si 3.3 x 1018 8 25

GaP 6 x 1018 15 40

AgBr 8 x 1018 55 60 (T, 1
- =~ 100)D

TiBr @ 1.4 x 1019 ) - Ve )

n l . . - . s
Note: (2) Owing to the short lifetime, the effective critical temperature T, is higher than the bath T¢..
) Theoretically calculated values.
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Fig. 8.11

Schematic of EHL recombination
radiation. A photon Av originates via the
recombination of an electron with a hole
from the corresponding Fermi seas.
Electrons occupy the conduction band up
to the electron Fermi level Fe; ina
similar manner levels in the valence band
are occupied by holes up to the hole
Fermi level Fy,. E;, means a reduced
bandgap (< Eg). For the sake of
simplicity the transitions are drawn as
direct transitons. p/ = E’g + Fe+ Fy
stands for the EHL chemical potential.
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[ (b)

— experiment, I'=2K
O theory, T=0K
4 theory T=2K

Luminescence intensity (r.u.)

0.70 0.71
Photon energy (eV)

Fig. 8.12

(a) Schematic of the emission spectrum
comprising the EHL band and a free
exciton line FE, indicating at the same
time how to determine the binding
energy . (b) Experimental and
theoretical {(egn 8.25) lineshapes of the
EHL band (LA-phenon replica) in pure
Ge. The FE line is not displayed. The
less-intense band at ~ 0.7eVisa
TO-phonon replica of the EHL
luminescence. After Benoit a la
Guillaume and Voos [16].

Highly excited semiconductors

Under formal adjustments we omit the phonon energy Aw in (8.24) and
replace E, by the so-called reduced or renormalized bandgap Eé < Eg; there-
fore weput hv = hv — E é. The omission of iiw serves only to simplify our rea-
soning; this step does not affect the emission spectral shape, shifting it only—
as a whole—on the photon energy axis. Graphically, we can then illustrate the
EHL recombination radiation as if it were due to direct transitions (Fig. 8.11);
we shall see later that this simplification will turn into a certain benefit.
Introducing the reduced bandgap E"E has a deeper physical meaning: it tells
us that the high density of e~k pairs inside the condensate droplets entails a
reduction of the bandgap E, (calculated within the one-electron approximation
or found experimentally, e.g. with the aid of optical measurements using low-
intensity light) down to a value £ é < Eg. We shall investigate this effect more
closely in Section 8.5. For luminescence measurements, this has a practical
consequence, namely, the recombination radiation originating inside the drops
is not absorbed in the surrounding lattice and can be easily detected.

The essential physical modification, indicated above, compared to the lumi-
nescence of an e—h system under weak excitation (Subsection 5.2.2) consists
now in introducing into (8.24) for f; and fy the relevant Fermi—Dirac distribu-
tion functions in the conduction and the valence bands, respectively. Therefore,
(8.24) becomes

hy -1
TEHL (hy) m[ «/E\/E—EI:exp (Ek_TFe) +1]
B
0

- -1
Wv—E - F
[exp (”—kBT——h) ¢ 1} dE.  (8.25)

The integrand does not contain any singularities and thus to calculate (8.25)
for fitting the experimental emission spectrum, any simple numerical method
may be used.

Determination of the reduced bandgap E’g and the potential p’

Close to the temperature 7 = 0K, the emission spectrum obviously starts on
the short wavelength side at hv = ' and terminates on the long-wavelength
sideathv = E ’g (let the reader compare Figs 8.11 and 8.12(a)). Photolumines-
cence therefore turns out to be a unique method for a direct determination of
auxiliary EHL parameters such as the reduced bandgap E; and the chemical
potential of the electron-hole liquid " = Eg + Fe + Fi.

The fit parameters(’ in (8.25) are F,, Fy and T. They are not independent of
each other, however, which somewhat complicates the fitting procedure based
on eqn (8.25). This procedure is connected with the extraction of the density np
from the luminescence spectrum, a process that we are now going to describe.

6 E’g appears to be also a fit parameter, however, it does not affect the bandshape but shifts
the overall spectrum on the wavelength axis only. It can be extracted from the final fitting of the
calculated curve on the experimental spectrum.

Electron-hole liquid (EHL)

Determination of the electron-hole density ng

The Sim.plest way to determine ng can be realized at very low temperatures. Let
us (_:onSIder the limit case T = 0 K. The EHL emission band has a full width
(atitsfoot) Fp = Fo + Fyy = ' — Eé (Figs 8.11 and 8.12). From here, ng will
be extracted as follows: The electron density n. (= the hole density nyp) is

given by summing over all occupied states in unit volume, which is generally
expressed as

ng:neznhzfpc(E)fc(E, Fe) dE:f pv(E) fu(E, Fy) dE
0 0

and, by considering explicitly the densities of states (8.23), the above expres-
sion transforms into

o0
ng:neznh:ﬂ%fﬁ[exp( . Te(m)H} e
B
0

(8.26)
For T = 0K (and solely in this case) the integration can be performed
analytically which yields

Vy

A <7 3/2
"= Q2mge Fo)™'* = PPrE (2man Fr) (8.27a)
or
2/3
2 mao Fy = v man F. (8.27b)

Ultimately the relationship between the full width of the band Ef and the
concentration ng follows from Ep = F, + Fy,, which combined with (8.27b)

gives
2/3 =1
v
B = {1 " (i) L"de} By (8.28)
Vy Mgh

Therefore, upon obtaining experimentally the full width Er of the emission
band we are able, making use of (8.27a), (8.28) and of the band structure
parameters, to calculate ng immediately. It can be seen that ng ~ E;l 2; the
wider the luminescence band, the denser the EHL.

For T # 0K the procedure is similar, the expression (8.26) being no longer
computable analytically, though. The integration has to be performed numeri-
cally. The method of determining ng then cannot be separated from fitting the
emission bandshape, as we have already mentioned.

The experimental EHL band is fitted with the aid of (8.25), letting the
values of the couple F,, F;, vary, but keeping their ratio fixed, as follows
from the numerical integration of (8.26) or, in other words, from the condition
of the electroneutrality of the condensate n, = ny. (This means that the e-h
pair density ng = n. = ny enters the spectral shape (8.25) implicitly.) The
temperature 7" represents the next fit parameter, as already mentioned above;
this effective temperature can again be higher than the lattice temperature. It
should be noted, however, that at a sufficiently low bath temperature the simple
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determination of ng through a combination of (8.27) with an iterative analytical
calculation of the bandshape (8.25) for T = 0K is often applicable. That is to
say, the spectral shape undergoes only an insignificant modification around w,
as demonstrated in Fig. 8.12(b) [16].

Determination of the binding energy ¢
From the above fitting procedure one gets the value of the reduced bandgap
E’ together with F,(T) and Fj, (7). Their sum defines the chemical potential:
(T) E’ + Fo{T) + Fu(T). We shall show before long that " 1s the spec-
troscopic energy characterizing the EHL ground state, i.e. it corresponds to
the energy Eg(ng). Then it is readily seen in Figs 8.10 and 8.12(a) that the
condensate binding energy ¢ (with respect to a free exciton) may be extracted
very simply as the separation between " and the low-energy edge of the FE
emission line, whose spectroscopic position is denoted E% in Fig. 8.12(a):

o(T) = Ex — /(1)) (8.29)

Why, then, does u'(T) characterize the EHL ground state? We come to this
conclusion by means of simplified reasoning, the origin of which is ascribed
to Keldysh: the maximum EHL luminescence photon energy at T = 0K is
determined by the radiative recombination of an electron with a hole which
reside on their Fermi levels; in other words, such recombination leaves the
EHL in its ground state (any other recombination event leaves behind the EHL
in an excited state, because for instance an unoccupied state at energy lower
than F, appears in the electron Fermi sea, and a redistribution of the population
on electron levels must follow to restore the ground state). Consequently, p
is the spectroscopic energy relevant to the EHL ground state. This can also be
shown computationally (Problem 8/5).

This determination of ¢ is essentially spectroscopic, much like the case of
the determination of the binding energy Ep of an excitonic molecule. Simi-
larly, also here the possibility exists to set ¢ thermodynamically. In this case ¢
is obtained as the activation energy from plotting, e.g., the exciton density on
the gas—liquid boundary against temperature (Fig. 8.9). The excellent treatise
of these methods as well as of other luminescence manifestations of the EHL
can be found in the monograph [17].

8.4.2 Identification of the EHL emission band

Now we can summarize the typical spectral features that differentiate EHL
luminescence from plenty of other lines or bands in the emission spectrum:

1. With increasing excitation intensity (even over several orders of magni-
tude) the EHL band firmly keeps its shape and position, i.e. neither band
broadening nor a spectral shift occurs. This is due to the fact that the liquid
density ng is constant at a given temperature (Fig. 8.9). An increase in the

7 Also Eé and E% are dependent on temperature but this dependence is weak in comparison
with the temperature dependencies Fe(T), Fy(T) and p'(T).
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pump power density entails—no doubt—an increase in the total volume
occupied by the drops and thus naturally also an increase in the emission
intensity 1 EHL byt the relevant spectral shape, driven by the density g,
does not vary.

. With increasing temperature two contradictory effects happen: the high-

energy edge broadens (because more and more electrons and holes are
excited above the respective Fermi levels), but, at the same time, the FWHM
of the band gets slightly narrower (because the liquid density with increas-
ing temperature drops slightly due to thermal expansion—see the liquid
boundary of the phase diagram in Fig. 8.9). Consequently, the chemical
potential p'(T) = E’ + Fe(T) + Fn(T) is a decreasing function of 7', or
@(T") becomes, accordmg to (8.29), an increasing function of temperature;
it turns out that this function can be written as

@(T) = p(0) + a(ksT)?,

where a is a constant of the order of 1 meV 1,

. The EHL phase diagram implies the existence of two distinct thresholds

connected with EHL luminescence. The EHL band appears in the emission
spectrum upon reaching an intensity threshold, which is nicely demon-
strated in Fig. 8.13 [18]. On the other hand, the EHL band disappears
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Fig. 8.13

Emission spectrum of ultrapure Ge at-
T = 2.1 K under excitation with a
tungsten lamp. (a) Excitation intensity is
below the threshold for exciton
condensation into the EHL. Only LA-
and TO- phonon replicas of the free
exciton are present. (b) Excitation
intensity has been 2.2 increased.
Suddenly the EHL band (LA-replica) at
~ 708.5meV appears. After

Westervelt [18].
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Fig. 8.14

Fast component of AgBr luminescence
under pulsed laser excitation (380 nm, 6
ns). (a) Bxcitation intensity 50 kW /cm?.
Only the It (EHL) band and a weak
free exciton line It (FE) occur. (b)
Excitation intensity of 5 MW/ cm?. This
high excitation induces, apart from the
Ito(EHL) and Ito (FE) lines, also a very
strong M-line due to excitonic
molecules. Bath temperatures are
indicated. The critical bath temperature
is T, ~ 60 K, which corresponds to the
effective critical temperature of the e-h
system of about 120 K. Symbols denote
the theoretical shape (8.25) for

ny =28 x 108 cm~3. The intensity
scales in (a) and (b) are not comparable.
After Hulin et al. [19].
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sharply upon reaching a temperature threshold (the critical temperature 1),
as can be seen in Fig. 8.14 [19]. The occurrence of both thresholds follows
also from a simple kinetic model of nucleation and decay of electron—hole
drops, see Appendix D.

The salient features (1.—3.) are very characteristic and enable one, as a rule,
to make a facile identification of the EHL luminescence. Moreover, the consid-
erable bandwidth of the EHL luminescence compared with, e.g., exciton lines
may serve as primary guidance (see Fig. 1.1 where the replicas InoTo(EHL)
and Tta(EHL) in silicon contrast with the narrow lines of free, FE, and bound,
BE, excitons).

On the other hand, neither the analysis of the luminescence decay curves
nor the shape of the intensity dependence of the EHL band is a reliable guide
in this case. EHL luminescence decays faster than the free exciton emission
(owing to Auger recombination in drops), but the shape of the decay curves
as well as that of the intensity dependence may be strongly affected by the
presence of parallel recombination processes (EM, BE, etc.).

8.4.3 Coexistence of excitonic molecules with
electron-hole liquid

We have seen that under strong excitation various exciton interactions take
place, among which especially EM and EHL affect significantly the low-
temperature emission spectrum. Let us now ask whether in a semiconductor
both the condensation of excitons into an EHL and the fusion of excitons
into an excitonic molecule can occur simultaneously, or whether these are two

Electron-hole liquid (EHL)

‘disjunctive’ processes in the sense that in a given material these may exist—
depending upon the specific band structure—always just one of them.®

The attentive reader already knows the answer, of course. Comparison of
Tables 8.1 and 8.2 shows that in AgBr, Si and Ge simultaneously £p > 0
and ¢ > 0 hold, hence the gas of excitonic molecules can indeed coexist with
the electron-hole liquid, In spite of this, there are certain points here—firstly,
the remarkable historical context (the interpretation of the first luminescence
experiments in highly excited Si and Ge crystals in the 1960s and 1970s
oscillated between the EHL and EM models, because the correct answer to
the above question was not known) and, secondly, interesting experimental
aspects—which are worth mentioning,

Figure 8.14 compares AgBr emission spectra under a relatively low pulsed
photoexcitation (S0kW /cm?, panel (a)) with those taken with the excitation
power density two orders of magnitude higher (5 MW /cm?, panel (b)). Some-
what surprising is the occurrence of the M-line at the higher excitation only,
while the EHL band is present in both these cases. It follows from these
observations that, firstly, the equilibrium between the biexciton gas and the
EHL (and, possibly, also the FE gas) may be limited to only a certain part
of the phase diagram in the (n, 7') plane, the so-called biexciton pocket [19].
Secondly, it turns out that the exciton condensation into an EHL is not entirely
a typical ‘high excitation effect’; a comparable, or perhaps an even more
important role is played by a sufficiently low temperature. Condensation may
often be achieved by making use of cw incandescent lamp excitation (see,
e.g., Fig 8.13).

In Ge and Si the biexciton binding energy Eg is very small, not only in com-
parison with ¢, but also absolutely. Consequently, at sufficiently low tempera-
tures excitons very willingly condense into an EHL and thus the M-line cannot
be observed at all, see Figs 1.1, 8.12 or 8.13. This is because the density of the
surrounding free exciton gas, nx, is low and biexcitons cannot form. If we sim-
ply decide to heat the sample in order to increase ny and thus create biexcitons
(which was realized in AgBr through heating the e—h system with powerful
laser pulses, see Fig. 8.14(b)), we shall be faced with a problem. It is true that
upon increasing the temperature by a couple of degrees we shall ‘evaporate’
more excitons, but at the same time we might already prevent biexciton for-
mation because kg7 =~ Ep will hold. Ultimately, at 7’ > T, we shall dissolve
the EHL entirely. Such a straightforward route cannot be applied, therefore the
issue of the coexistence of EM with EHL remained unresolved for a long time.

We have to make the conditions for exciton condensation difficult, i.e. to
make the EHL less stable, e.g. via stressing a Si sample along the [100]
direction. In this way we lower the crystal symmetry and reduce the number of
equivalent conduction band valleys v, from six to two. Therefore—according
to what has been outlined above—we reduce the condensate binding energy ¢.
This means that the exciton gas surrounding the EHL drops gets denser,
biexcitons can thus be created and, in the luminescence, the M-line appears.
This is documented in Fig. 8.15 [20].

® With regard to what has been outlined in the introduction to Section 8.4, this inquiry concerns
indirect-bandgap semiconductors.
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Fig. 8.15

Time-resolved emission spectra of a pure
Si crystal, stressed along [100] at -

T = 8 K. Numbers at the curves indicate
delay times (us) after the excitation
pulse. Besides the coexistence of all
three phases—EHL, gas of FE and gas of
EM-—the figure also demonstrates the
very rapid decay of the EHL
luminescence. After Kulakovskii and
Timofeev [20].
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Fig. 8.16

Schematic cross-section of a
(indirect-bandgap) semiconductor
sample excited by light at low
temperatures. Various luminescence
processes are shown. After
Westervelt [18].
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An illustration of several parallel luminescence channels in semiconduc-
tors is given in Fig. 8.16. Let us add that, by using a special luminescence
technique, the coexistence of an EHL with free polyexcitons (apart from biex-
citons, with triexcitons and tetraexcitons) has been observed, particularly in
silicon [21].

8.5 Electron-hole plasma (EHP)
8.5.1 Mott transition

Let us disregard for a moment the fact that the condensation of excitons can
give rise to EHL drops. We thus have a gas of free excitons, the dens.;ity. of
which, nx, is continuously increased through the enhancement of excitation
intensity. At the same time we also increase the number of free electron-hole
pairs N, for a certain number of excitons always become ionized, even at low
temperatures. In this way we reach a density Ny at which excitons as l?ound
e—h pairs cease to exist. The reason for this resides in the effective screening of
the Coulomb interaction between electrons and holes owing to the surrounding
free carriers;” instead of (7.1), the interaction potential becomes
a2

Us(r) = = il
where ks = ks(N) > 0 is the so-called screening factor. Alternatively,
As = kg 1 js called the screening length. Relation (8.30) is known, e.g., from
plasma physics.

The screening length As(N) gets shorter with increasing e—h pair density N.
When Ag approaches the free exciton radius ax, excitons become unstable—
the attraction between the electron and the hole is destroyed. As a first con-
sequence of the screening (8.30), therefore, the transition of the exciton gas

exp(—ksr), (8.30)

9 The proximity of other excitons operates in the same sense but it is commonly accepted that
the main contribution to the screening comes from free electrons and holes.
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(composed of bosons) through ionization to an electron—hole plasma (EHP) of
a metallic character (i.e. driven by Fermi statistics) appears. This process rep-
resents one of a variety of possible realizations of the so-called Mot insulator—
metal transition. The relevant density Ny is called the Mott density.

Bandgap renormalization arises as a second consequence. We have to
realize that now we are far beyond the one-electron approximation. Due to
Coulomb correlation and exchange effects, at high density of electron-hole
pairs/excitons the semiconductor bandgap reduces o E, «(N) < E;. This can
be demonstrated via a simple calculation, which compares the self-energy of
a point charge in a many-electron system with that derived in the one-electron
approximation [22]

AEg(N) = Eé(N) —E; = lir% [Us(r) = U(r)]

& [exp (—kgr) — 1i|
= lim
dmepe r—0 r

2 2
m [—ks exp(—ksr)] =

ks(N) < 0, (8.31)
4 mEQE r%O &
where we have used I'Hospital’s rule. It follows immediately that
Eé(N ) < Eg; the renormalization therefore entails a reduction of the bandgap
(‘gap shrinkage’) in a dense electron—hole ensemble compared to the one-
electron value Ej.

The Mott transition in an excitonic system is displayed schematically in
Fig. 8.17. Already at densities N smaller than Ny by two orders of magnitude
the value E, begins to drop; at the Mott density Ny the curves E’ ¢ (V) and
the ground exciton level n = 1 cross each other, which means that E’ o (N ) <
Eg(0) — Ex for N > Ny. In other words, for the e-h system it becomes
energetically more favourable to be in the continuum of states of free e~k pairs
than to be bound into excitons. It might seem strange that the exciton n = 1
level is independent of N. In fact, however, this indicates that the binding
energy Ex also drops with increasing N (due to screening) and this drop
in Ex is just compensated by the drop in E, ,(N). This information is very
important because it tells us that the Mott transmon to EHP is—unlike EHL
nucleation—gradual, i.e. excitons do not disappear suddenly upon reaching
N, but their concentration decreases slowly as a function of the increasing
excitation intensity.'”

The Mott density Ny can be calculated within various approximations. The
calculation is fairly easy to perform considering a non-degenerate EHP with
relevant Fermi distribution functions approximated by Boltzmann tails. The
screening length As is then called the Debye—Hiickel screening length and one
gets

10 Gap shrinkage and the corresponding loss of excitonic resonances entail important qualita-
tive changes in the optical absorption spectrum. Their features are obviously dependent on the
excitation intensity and thus these spectral modifications represent a typical example of nonlinear
optical phenomena.
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Fig. 8.17

The renormalized bandgap E!, as a
function of the e~ pair density N. The
exciton binding energy of the n = 1 state
is denoted E. The transition from the
dielectric free exciton gas to ionized
plasma EHP, proceeds smoothly. The
EHP luminescence spectrum is depicted
on the right; 4/ stands for the plasma
chemical potential, Npp is the Mott
density.
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Fig. 8.18

(a). Onset of the EHP emission band in
highly excited GaN at T = 6 K upon
reaching the Mott density

(NMm A~ 1019 cm™3). Triangles label the
positions of the reduced bandgap Eé at
the indicated densities of e—h pairs.
Panel (b) displays the overall shape of
the emission spectrum, Apart from the
EHP band, also the M-line due to
biexciton luminescence and the P-line
due to exciton collisions are present. The
free exciton spectral position is given by
the reflection spectrum AR/R. After
Nagai et al. [23].
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kT kgT gp &
A N2 Ny o = B (8.32)
8may Ex esay

The Debye—Hiickel model happens to be a viable approximation in semicon-
ductors with large ax, except at low temperatures. The temperature T in (8.32)
may designate the effective temperature.

8.5.2 Luminescence of EHP

Electrons and holes in an EHP can recombine radiatively, of course. We are
interested in what the EHP luminescence emission spectrum looks like. To
begin, however, we have to answer an important question: What is the differ-
ence between an electron—hole plasma, EHP, and an electron-hole liquid, EHL,
the existence of the latter having been—for the sake of simplicity—disregarded
at the beginning of this section?

EHL and EHP are two similar phases of the e—h system. However, while the
condensation exciton gas — EHL starts abruptly and the liquid is concentrated
into spatially clearly separated regions—spherical drops with a constant e—h
pair density ng, the transition exciton gas — EHP proceeds smoothly, contin-
uously. Also, the plasma gradually fills the whole excited volume (there are no
drops) and may diffuse both laterally and into the depth of the sample, due to
the concentration gradient. The e—h pair density therefore is not, unlike EHL,
spatially constant and, moreover, rises with increasing excitation intensity. And
perhaps the most important: the EHP may exist—unlike EHL—at arbitrary
temperatures, neither is there an EHP critical temperature nor binding energy.

The EHP is therefore a ‘less ordered’ relative of EHL. There is no radiative
recombination enhancement factor in EHP, unlike EHL. It is worth stressing,
however, that the concept of the renormalized gap, as introduced in Subsec-
tion 8.4.1, holds equally for both EHP and EHL! If condensation into an EHL
happens, the e~h system simply ‘jumps’ somewhere to the right in Fig. 8.17,
far beyond the Ny density, and remains there. Equally, we can imagine that
Fig. 8.11 is valid for both EHL and EHP, but while Eé(no) is constant inside
EHL drops, Eé(N ) in EHP varies as a function of N (see Fig. 8.17).

The scenario under growing optical excitation intensity, e.g., in silicon
at T = 15K, can then be described as follows (see the horizontal arrow in
Fig. 8.9): First, a gas of excitons with increasing density nx is created, but
before the Mott transition sets in, nx reaches a critical value for exciton
condensation into EHL drops with a very high equlibrilum e—h pair density
N =ng ~ 3 x 108 cm™3. The density of the surrounding gas, nx, henceforth
remains constant!! (~ 10'®cm™3) and the gradual Mott transition will not
occur. Generally it turns out that in indirect-bandgap materials, EHP and
its luminescence reveal themselves only at temperatures I = T or higher.
To differentiate the contributions to the emission spectrum from EHL, EHP

and possibly from other luminescence channels (biexcitons, etc.) under these

11 The average density of the e—h system (all phases) will rise with the continuing growth of the
excitation level, though, due to the growth the total volume of the EHL drops.

Electron-hole plasma (EHP)

conditions is not easy. Some authors even take the view that EHP can also
undergo its own condensation process, characterized by a second critical point
in the phase diagram. Currently, there is no consensus on this issue and further
discussion goes beyond the scope of this book.

In this respect, the situation is much simpler in direct-bandgap semicon-
ductors, where EHL does not occur. The onset of EHP luminescence under
sufficiently strong excitation is straightforward there, and according to the
foregoing discussion this light emission has very specific spectral features:

1. A wide emission band (much like an EHL—radiative recombination in
an ensemble of fermions), gradually emerging in the spectrum when the
density of e—h pairs, N, approaches Ny.

2. The low-energy emission band boundary (determined by £ é(N }) undergoes
a red shift with increasing excitation intensity; for an EHL, this boundary
does not shift.

3. With increasing excitation intensity the EHP emission band gets broader,
because the plasma density increases; the EHL bandwidth remains fixed.

Examples are shown in Figs 8.18 (GaN [23]) and 8.19 (T1Br [24]). The
gradual increase of the EHP band around N = Ny—the salient feature (1)—
can be nicely seen in Fig. 8.18, while Fig. 8.19 demonstrates features (2)
and (3).1? Open circles in Fig. 8.19 represent a theoretical fit from which the
displayed EHP densities were derived.

It is important to stress that, although in TIBr the direct bandgap is con-
cerned here, expression (8.25) together with the procedure described in Sub-
section 8.4.1 were applied for fitting. This is surprising because the convolution
(8.25) was derived for an indirect bandgap. Here, strictly speaking, its applica-
tion is not justified. Nevertheless, this phenomenological approach is currently
being used because it is simple and provides us with both a reasonable repro-
duction of the emission bandshape and a realistic effective temperature and
density of EHP. (This was one of the reasons to depict transitions in Fig. 8.11
as direct ones.) More elaborate routines for spectral modelling that comprise
k-conservation have been proposed, of course, but they are rather sophisticated
and the resulting spectral shape is almost the same, except for more accurate
determination of E’g [25].

Let us recall once more that the densities obtained through fitting are aver-
age EHP densities, unless we create in some way a spatially uniform plasma
which, in fact, is highly desirable for the comparison of theory with experi-
ment. To this end for example, two-photon excitation discussed in Section 5.5
can be used, as well as various spatial localizations of EHP in low-dimensional
structures. Finally, let us note that radiative recombination of EHP in direct
semiconductors may easily lead to stimulated emission (Chapter 10), which is
of basic importance for light-emitting diodes and semiconductor lasers.

12 Let the reader compare Fig. 8.19 with Fig. 8.14, where the Ito(EHL) spectral position
remains fixed in spite of the variation in excitation power density by two orders of magnitude.
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Fig. 8.19

EHP emission spectra in a highly excited
TIBr crystal (a pulsed No-laser, 2 ns, 3.4
eV) at a bath temperature of 8.5 K. The
excitation intensity I corresponds to

~ 0.6 MW /em?. In T1Br, radiative
recombination can occur both in indirect
as well as in direct bandgaps; the
displayed spectra originate in the direct
one, whose reduced values E:gd are
labelled by arrows. After Kohlova er al.
[24]. (Fig. 2.38(b) represents the EHP
emission spectrum of TIBrat 7 = 25K
both in direct—A-line—and
indirect—B-line—bandgaps. Arrows at
~3.02eV and ~ 2.66eV denote the
spectral positions of relevant
non-renormalized gaps corresponding to
the one-electron approximation. The
respective plasma densities and effective
temperatures are also shown.)
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8.6 Bose-Einstein condensation of excitons

An exciton as a quasi-particle consisting of two fermions (an electron and a
hole) always has an integer total spin § = 0 or 1. An exciton is thus aboson and
these can undergo, at high densities, so-called Bose-Einstein condensation. It
is worth stressing that Bose—Einstein condensation represents a fundamentally
different process with regard to exciton condensation into an EHL discussed
above. In order to understand the fundamentals of Bose-Einstein condensation
and to discover how this kind of exciton condensation can manifest itself in
Juminescence, we first recall the basic properties of Bose—Einstein statistics.

8.6.1 Properties of the Bose-Einstein distribution

The distribution or occupation function of ideal (non-interacting) bosons,
determining the mean boson’ number in a state with energy E, reads

fBE(E.T) = + (8.33)
exp (k_gﬁ) -1

where  is the chemical potential. This function is called the Bose-FEinstein
distribution. Unlike the Fermi-Dirac distribution, where w is more often
known as the Fermi energy and has quite an illustrative meaning of an energy
level with the occupation probability equal to 1/2, the chemical potential £ in

(8.33) is less familiar. Its properties are:

1. i < 0 must be satisfied, otherwise the distribution function (8.33) in the
ground state (E = 0) would acquire a negative value, which is not admissi-
ble.

2. |w| is large at low boson densities, while with increasing density |u|
decreases and gradually approaches zero. This also follows directly from
(8.33); a large value of || implies a low mean number of bosons in a given
state.

Let us now ask a question: Can the boson’ number in the investigated system
reach an arbitrary value? The total boson’ number (per unit volume) ne can
be found by summing over all occupied states and all possible energies:

[s2]

Aot :f p(E) fee(E) dE. (8.34)
0

For bosons with a mass m and total spin § = 0 we shall consider the density
of states of the form!® p(E) = (2m)*/2E'/? j4x>h3. The maximum available
number of bosons, ncp, can be obtained if we introduce into (8.34) a maximum
value of fpg, which, according to the foregoing discussion, occurs in the
limiting case p — 0. By performing the relevant calculation (Appendix E)
we get

13 The difference 1/2 compared to (5.4) is due to the difference in the spin degeneracy factor g
between fermions (g = 2) and bosons with spin § = 0(g = 1).

Bose-Einstein condensation of excitons

2.31 (2m)3/% (kgT)3/?
4n2p?

kaT 3/2 m 3/2
2.61 =64 x 10" [ — 2 {cm™
( P ) X o) TPem™), ®35)

ncg(T) =

12

where mg stands for the free electron mass. Obviously, this is a finite number,
thus a very important message from (8.35) is: an ensemble of bosons may
always contain only a finite number of particles (dependent on temperature).

What happens now if we continuously add further particles into the ensem-
ble? (In particular, if we keep creating a higher and higher exciton density
through increasing the optical excitation?)

Einstein, shortly after the formulation of quantum statistics by the Indian
physicist Bose, deduced: the excess particles must ‘condense’ to the ground
state £ = 0, which, in this way, somehow separates from other states. Rela-
tion (8.35) thus defines a critical concentration ncg for the onset of this
so-called Bose-Einstein condensation,'* which occurs primarily in energy or
momentum space (k-space), not in real space—unlike exciton condensation to
an EHL.

Before we discuss manifestation of luminescence the of this peculiar con-
densation, we shall derive one simple mathematical consequence of (8.35).
Upon reaching ncp we can obviously express the boson density as

Nt = no +nee(T).

The ground state population ng will thus grow with a further increase of pump-
ing, while ncp at a given T remains constant. This relation can be rewritten as
no _,_nes _ 6.4 x 1015 (m/mg)3/? 13/2

Riot it Riot

from which the critical temperature Tcp for the Bose—Einstein condensation
can be defined via

1 64 x 10 (m/mg)*/?

= 8.36
Té’éz Riot : J
The announced mathematical follow-up of (8.35) then reads
”—0—1—(T)3/2 8.37
Riot Tce ’ (®.37)
From (8.37) we can easily infer the meaning of the critical temperature:
Eor T 5 Topess somne o suais i (8.37) has no physical meaning,
T =TCB ... ng = 0 and the condensation just begins,

14 At the same time a condition must be satisfied, namely, that the energy and the number of
bosons can vary independently. This is possible, e.g., for atoms, excitons and biexcitons but not
for photons and phonons; their chemical potential equals zero but, despite this fact, one cannot
speak of a Bose-Einstein condensation. An equivalent statement reads that bosons undergoing
Bose—Einstein condensation must have non-zero rest mass (see (8.35)), which holds neither for
photons nor phonons.
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On the basis of (8.36) and (8.37) we can quite clearly imagine what the Bose—
Einstein condensation of excitons looks like in an experiment. Let us apply,
e.g., a fixed excitation intensity, i.c. a fixed exciton density nx = A, and
let us start the experiment at a relatively high temperature when, according
to (8.35), nx < ncp(T). Therefore there is no condensation. In the course of
cooling we reduce ncp(1") till we drop to the critical temperature Tcg when
nx = ncg. The condensation sets in and if we keep cooling, the concentration
of ‘condensed’ excitons rises according to (8.37) up to the limit value ng = nx
at T = 0K. Then, all of the photogenerated excitons occur in the condensate

with energy E = 0.

8.6.2 Luminescence experiment: Bose-Einstein condensation
yes or no?

The Bose—Einstein condensation represents the macroscopic population of a
single state £ = 0 or k = 0. It is one of the fundamental consequences of quan-
tum mechanics that leads—among others—to important, application-related
effects like superfluidity of liquid He and superconductivity. The development
of efficient laser and magnetic cooling of atoms has recently led to a fruitful
investigation of experimental features of this condensation in an atomic gas,
but at extremely low temperatures below 100 nK.

Semiconductor luminescence proposes unique conditions for a detailed
study of Bose-Einstein condensation. If we adjust (8.36) to express explicitly
the critical temperatures

m
Tep 229 x 10711 (;‘)) 23 (K), (8.38)

it is observed that the critical temperature for an atomic gas (m > mp) is by
many orders lower compared with a gas of excitons (m /= mg) of the same
density. Considering this density to be nu = 107 cm™> (easily attainable
under optical pumping), we obtain from (8.38) for m = mo a critical temper-
ature Tcp A~ 6.3K. This is a ‘reasonable’ temperature that can be achieved
in a current helium cryostat. Pumping of “He vapour enables going down to
T = 1.3K commonly. There are additional advantages: the exciton density
and thus, according to (8.38), also Tcp can be varied readily via the variation
of excitation intensity, or vice versa, at a given excitation power density we can
finely tune the sample temperature in the environs of Tcg. And, most impor-
tantly, the exciton condensate reveals itself through a dramatic modification of
the semiconductor emission spectrum. For all of these reasons the search for
the Bose—Einstein condensation of excitons using luminescence methods has
represented a worldwide challenge for more than 30 years.

How the condensation should manifest itself in the emission spectrum can
be predicted first with the aid of simple reasoning. Since it arises from the
accumulation of excitons in the E = 0 state, which corresponds to the bottom
of the exciton band, we expect the recombining ‘condensed’ excitons to emit

Bose-Einstein condensation of excitons
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a very narrow peak on the low-energy edge of the free exciton line (hv =
'EgifEx—ha} in an indirect-bandgap semiconductor). This peak should appear
in the spectrum suddenly in the course of cooling, upon reaching Tcp.

‘Exactly this kind of behaviour can be recognized in the spectra shown in
Fig. 8.20(a), which come from two nominally pure AgBr crystals at T =
2.08Kand T' = 1.49 K. The lower panel (b) shows that the intensity behaviour
of the sharp FE; peak at ~ 2.6754 eV complies perfectly with (8.37), provided
yve put 7cg = 3 K. This represents one of the first luminescence observations
1n.terpreted in terms of the excitonic Bose—Einstein condensation [26]. Every-
thmg looks very convincing. However, a series of subsequent papers revealed
tlus_ interpretation to be untenable, by finding the origin of the FEy peak in an
exciton bound to a residual shallow impurity (Subsection 7.2.1),

This indicates that the experimental realization of the Bose—Einstein exciton
condensation is not a simple task and that such a straightforward way as the one
Sl:lOWl’l in Fig. 8.20 is hardly viable. A ‘jump’ from the Maxwell-Boltzmann
distribution (circles on the experimental curves in Fig. 8.20(a)) immediately
t(? the spectrally narrow condensate is unrealistic. The Maxwell-Boltzmann
distribution is a classical limit, shared both by bosons and fermions. With

237

Fig. 8.20

(a) Low-temperature free exciton
photoluminescence in AgBr
accompanied with the emission of a
TO(L)-phonon (i.e. ITo(FE) line), in
two samples #451 and #421. Open
circles denote the theoretical lineshape
fit based on (7.16). The very narrow peak
labelled FEq has been identified as being
due to the Bose—Einstein condensation
of the free exciton gas. Panel (b) shows a
sudden intensity increase of this peak in
the course of cooling below 3 K. After
Czaja and Schwerdtfeger [26]. Later
experiments revealed that this
interpretation was probably incorrect,
though.




238

Fig. 8.21

(a) Product of the density of states

p (E) = v/E with the Bose-Einstein
distribution function (8.33) where

& = —p/ kg T. The lower curve (MB) is
the Maxwell-Boltzmann approximation
valid for low exciton densities (¢ > 4).
In the limit & — 0 a narrow peak
remains only at € = 0. The curves are
normalized at high values of €. (b)
Narrowing down of the exciton emission
line (a phonon replica) in CuzO at hi gh
exciton density. The sample was
immersed in liquid He (T = 2K) and
excited by 10 ns pulses of an Art-laser
with excitation intensity

of ~ 40 MW/ cm?. The dashed curve
(Maxwell-Boltzmann distribution) is
considerably wider. After Snoke

etal. [27].
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increasing density nx (therefore with decreasing |i]) the excitons should a_lt
first prove that they start to behave as genuine bosons. Consequently, the exci-
ton statistics and also the emission lineshape should gradually transform to true
Bose statistics. In this case, the lineshape width would undergo dramatic but
gradual narrowing, which can be easily shown by calculating p (E) fee(£ ) and
which is displayed in Fig. 8.21(a). This is the so-called Bose narrowing. The
reader is reminded that the FWHM of the Maxwell-Boltzmann distribution
(7.16) is invariable, equal to about 1.8 kg7 -

This Bose narrowing has indeed been found in exciton luminescence
of Cuy0O [27], as demonstrated in Fig. 8.21(b). Nevertheless, till now, no
unambiguous experimental evidence of Bose-Einstein condensation has been
achieved either in this material or in bulk semiconductors in general (at least
unconditional evidence that would be accepted without taking exceptions to).
Taking into consideration everything discussed above in this chaptef, we under-
stand why this is so. First of all, excitons have a finite lifetime. The ld.eal Bose.—
Einstein distribution (8.33) holds exactly for excitons as non-interacting quasi-
particles with infinite lifetime in thermodynamic equilibrium only: Moreqver,
with increasing exciton density the important exciton—exciton 1nteract19ns
occur in most semiconductors (biexcitons, EHL, EHP). For instance, prior
to reaching the critical concentration ncg, the Coulomb e—h attraction maly
happen to be screened and the exciton gas transformed into EHP or EHL. (Thls
is one of the reasons why especially CupO appears to be a good candidate

Problems

for the exciton Bose—Einstein condensation—owing to specific features of
the CupO band structure the interaction between excitons is repulsive, thus
biexcitons do not originate here. Moreover, because the Bohr radius ax is very
small, see Table. 7.1, EHP does not occur in this material at high excitation.)

Another complication preventing excitons from Bose—FEinstein condensation
may be insufficient sample purity, as we have seen in the case of AgBr
(Fig. 8.20)—the presence of bound excitons reduces ny and, in the spectrum,
may either mask a possible emission line arising {rom the Bose—FEinstein con-
densate or cause an incorrect interpretation of the experimental observations.
Finally, high optical excitation levels can both evoke spatial exciton diffusion
and entail a high effective temperature of the exciton gas that hinders reaching
Tcp- A more detailed discussion goes beyond scope of this book. It is worth
mentioning though, that also biexcitons are bosons and one can expect their
Bose-Finstein condensation together with its specific luminescence manifes-
tation. The most investigated material in this regard is copper chloride, CuCl.
The whole topic is covered by a special monograph [28].

It is worth noting that, strictly speaking, the above discussed ‘classical’
Bose-Einstein condensation may exist in infinite bulk materials only. In low-
dimensional systems, a generalized definition of Bose-Einstein should be
applied. In particular in two-dimensional structures the concept of conden-
sation is linked to the phase-coherent superfluid movement of a bosonic
system rather than to boson accumulation in the lowest energy ievel [29].
Recent results concerning Bose—Einstein condensation of exciton—polaritons
in semiconductor low-dimensional microcavities will be briefly mentioned in
Chapter 16.

8.7 Problems

8/1: Based on Fig. 8.1: (a) Estimate the binding energy Fp of an excitonic
molecule in CdS. (b) Check that the spectral position of the P-band, which
is due to inelastic exciton—exciton scattering, is in accord with the binding
energy Ex in Table 7.1.

8/2: Luminescence of excitonic molecules in indirect-bandgap semiconduc-
tors, discussed in Subsection 8.2.1, has been described in the framework
of allowed dipole transitions. Nakahara and Kobayashi [30] have gener-
alized this approach for the case of indirect forbidden transitions, when
the relevant transition matrix element is composed of two terms, the first
of which is proportional to the magnitude of the biexciton wavevector
and the second one to the magnitude of the wavevector q of the remaining
exciton. Making use of the formalism applied in Appendix C, adjust
the expression describing the emission lineshape to a form suitable for
numerical integration (analogy with (C-15)) and show that the contribu-
tion of the second term is negligible.

8/3: Prove, using the E(K) diagram (in analogy with Fig. 8.7), that in common
semiconductors with indirect bandgap the luminescence channel due to
inelastic free exciton collisions (P-line) cannot occur, Hint: consider that
the indirect bandgap in common semiconductors is always defined by an
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8/4:

8/5:

8/6:

extreme of the conduction or valence band situated at the boundary of the
first Brillouin zone. '

Show that the average kinetic energy (per electron) in a Fermi gas at T =
0K is equal to (3/5) F (Fe = Fermi energy of electrons).

An electron—hole liquid (EHL) in the form of electron—hole drops (EHDs)
represents an open system exchanging quasi-particles, i.e. the electron—
hole pairs, with its surroundings. Open systems in thermodynamics are
characterized, among others, by their chemical potential . Show that
here p is characteristic of the EHL ground state. Hint: start from the
definition of the chemical potential as the energy required for passing
from the ground state with N electron-hole pairs in a drop to the ground
state with (N + 1) pairs in the drop. See also [31].

By using the relationship (8.32) and exploiting the parameters from
Table. 7.1, calculate the Mott density Ny in selected semiconductors
for kT /Ex = 0.1. Compare the obtained results with a rough estimate
derived on the basis of the criterion Ny = (4:m)3{/ 3)~!. Discuss the
illustrative meaning of this criterion.
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