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Picosecond energy relaxation rates of hot excitonic molecules in CdSe
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We measure the time- and energy-resolved luminescence due to hot biexcitons in CdSe at 8 K
using picosecond upconversion spectroscopy. The biexciton luminescence rises with a time constant
of 12 ps following picosecond photoexcitation of electrons and holes. It then decays with a time
constant of 240 ps. The time dependent luminescence spectrum is used to deduce the hot biexciton
energy relaxation rates in CdSe. We compare the results with theoretical calculations based on

phonon emission by biexcitons.

In a highly excited semiconductor, a large number of
free electron-hole (e-h) pairs are generated. The car-
riers relax to their respective band edges by fast emis-
sion of optical phonons, whenever possible energetically,
and by slower emission of acoustic phonons. Also the
e-h pairs can form excitons. If the excitation density
is large enough, the excitons may interact with each
other to form excitonic molecules (biexcitons).!'? Results
of several theoretical studies and numerical calculations
have shown® that such a bound state of two excitons is
possible in many semiconductors. The biexcitons can
get annihilated in a spontaneous radiative decay into a
photon polariton, leaving behind an exciton polariton.
The experimental evidence for biexcitons has been ob-
tained in giant two photon absorption experiments* and
by observing the characteristic biexciton luminescence
and its excitation intensity dependence in semiconduc-
tors such as CuCl (Ref. 5) and CdS.® Recently, biexcitons
in GaAs quantum wells have been studied” using two-
photon absorption and self-diffraction techniques. As-
suming parabolic excitonic and biexcitonic energy bands,
the energy-momentum conservation in the biexciton ra-
diative decay, ignoring the photon momentum, leads to
the equation, hv = E® — Eyps — h%k3,/4m,, where hv is
the energy of the emitted photon, E? = E, — Ey, is the
exciton ground state energy, F, is the band gap energy,
Ey, and Epp, respectively, are exciton and biexciton
binding energies, EM is the biexciton momentum wave
vector, and m,, is the exciton effective mass. The biex-
citons undergo elastic collisions among themselves and
with excitons. They also interact with phonons. Un-
der the action of these processes, the biexcitons may at-
tain quasithermal equilibrium among themselves. The
relaxation time related to the biexciton-biexciton colli-
sions, which partly determines the formation time of a
thermal, hot biexciton energy distribution, can be es-
timated, using a simple geometric argument? to be of
the order of 1 ps in CdSe. Assuming that the biexci-
tons have a thermalized energy distribution, given by
fM(GM) = Cexp(—-EM/kTM), ENM = I"sz]zw/‘lmm, TM is
the biexciton effective temperature (> T, the lattice
temperature) and by comparing the observed lumines-
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cence spectrum with a theoretical expression based on
this, the biexciton effective temperatures have been de-
termined in the past in the case of CdS (Ref. 6) and CuCl
(Ref. 8) under steady illumination conditions. By creat-
ing a biexciton assembly using a picosecond laser pulse
excitation and obtaining the time-resolved biexciton lu-
minescence energy spectrum, it should be possible to de-
termine the hot biexciton cooling behavior and, thereby,
the biexciton energy relaxation rates. To our knowledge,
this information is not available so far in spite of much
work devoted to the study of biexciton properties. In this
paper, we report the first measurements of hot biexciton
cooling rates in CdSe and compare the experimental re-
sults with a theoretical calculation based on biexciton
interactions with optical phonons via the Frohlich mech-
anism, and with acoustic phonons via the deformation
potential and piezoelectric couplings in CdSe.

In our experiments, we excite CdSe crystals at 8 K
using a pulsed Nd YAG (yttrium aluminum garnet)
pumped rhodamine 6G dye laser, with an autocorrelation
pulse width of 1.8 ps. The time-resolved measurements
are made using the upconversion luminescence spec-
troscopy in a standard photon counting setup. The time
resolution is 2.5 ps and the energy resolution is about 2.5
meV in these measurements. The average beam intensity
is varied from 1 mW to 10 mW to obtain an average e-h
pair excitation density per pulse (ng) estimated to be in
the range ng = 8 x 10*6-8 x 1017 cm™3. (A possible un-
derestimate of the laser spot size on the sample by 10 um
will reduce the density estimate by 30%.) The well known
luminescence features related to the bound exciton (I3)
and the biexciton in CdSe (Ref. 9) can be identified and
separated by using intensity dependent measurements
of time-integrated (TI) and photoexcitation-correlation
(PEC) luminescence spectra.!®!! Figure 1 shows that
while the low intensity TI and PEC measurements show
signals mainly due to the bound exciton at 1.823 eV, the
biexciton related luminescence is clearly evident at about
1.821 eV at higher intensities. This identification of emis-
sion due to I, and the biexciton is in good agreement with
the previous luminescence measurements in CdSe.%!! We
obtain the time-resolved luminescence spectrum in the

8348 ©1994 The American Physical Society



50 PICOSECOND ENERGY RELAXATION RATES OF HOT . ..

energy region covering the bound exciton and biexciton
emission, at various delays (up to a maximum of 1 ns)
and excitation densities of no = 8 x 1016, 4 x 10'7, and
8 x 107 cm~3. This is illustrated in the examples of
Fig. 2 in which we show the luminescence energy spec-
trum taken at different delays for ng = 8 x 107 cm~3.
It is interesting to note that the luminescence signal first
appears just as the free carriers are generated by the ex-
citing pulse (width of 1.8 ps). This suggests that the
excitons and biexcitons can form even before the free
e-h pairs fully relax. On the other hand, the lumines-
cence may be due to the combined effect of e-h plasma
(with renormalized band gap) and biexcitons in the early
stages.

Within a simple perturbation theory, the biexciton
emission spectrum is given by?

I(I/) = ‘%’r Z |sz—>:‘2.fM(€M)
Enm

x8[hv — B (kar) — En(Kar)], (1)
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FIG. 1. The time-integrated (a) and photoexcitation-
correlation (at 100 ps) (b) luminescence energy spectra are
shown for low (no = 8 x 10'® cm™?) and high (no = 8 x 107
cm™?) density excitations.
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where My, _, . is the matrix element for biexciton — exci-
ton radiative decay, fas(ep) is the biexciton energy dis-

tribution, and E:(E M) and E M(I:-: M) are, respectively, ex-
citon and biexciton energies at k3;. Equation (1) does not
include the effects of biexciton-biexciton and biexciton-
exciton elastic collisions. These are not very important
at sufficiently low excitation densities. Assuming that
the matrix element in Eq. (1) for the biexciton radia-
tive decay is independent of Far and that the biexcitons
have a thermalized energy distribution, we have, at low
densities,?

I(v) = A" /ens exp(—ers [KTn), (2)

where €py = hzkfw/4mz = E% — Eyp — hv. At high
excitation densities, a more appropriate description of
the biexciton emission spectrum is obtained by including
the biexciton collision effects and is given by*®

B T'Ve exp(—€' /kTa)de
I(V) - A/ [(€M _ 6/)2 + Fz] ’ (3)

where I'"?! refers to the sum of relaxation times of biex-
citon and exciton momentum states. [Eq. (3) reduces
to Eq. (2) when I'/kT « 1.] Since the bound exci-
ton energy in CdSe is higher than the biexciton ground
state energy by only 1 meV or s0,%12 a line shape anal-
ysis of the complete spectra is not simple. The emission
spectra on the high energy side of the peaks in Fig. 2
may have some effects of the bound exciton recombina-
tion in addition to those of the collision broadened biex-
citon emission spectrum. This may be relatively more
important for low excitation densities and long delays
than for higher densities and smaller delays at which the
biexcitons dominate and the bound excitons are satu-
rated. On the other hand, the spectra on the lower en-
ergy side of the bound exciton are predominantly due to
the biexciton decay. We compare this part of the spectra
(hv < 1.823 eV) with Eq. (3), treating I', E? — Eyp
and T)s as parameters. The agreement of the low energy
side of the spectra with the behavior predicted within the
above model of hot biexciton emission spectra [Eq. (3)]
is excellent, as shown in Fig. 2. The literature values of
Eypr are quoted to be 4 meV (Ref. 6) to 5 meV.'?2 We
have used Fypr = 4.5 meV in these calculations. Figure
2 (inset) also shows the total (energy integrated) biex-
citon luminescence as a function of time. The biexciton
luminescence rises with a time constant of 12 ps. The
signal reaches its peak in about 30 ps and then has an
exponential decay with a time constant of 240 ps. These
time constants have been obtained for CdSe for the first
time. We note, however, that determination of the biex-
citon formation and decay rates requires analysis of the
coupled dynamics of free and bound excitons, biexcitons,
and free carriers not attempted here. The value of " ob-
tained from the fit in Fig. 2 depends on the excitation
density and is time dependent, as shown in Fig. 3 (in-
set). The rather large value of r required to fit the data
for small delays is probably due to our having ignored the
e-h plasma effects. The biexciton effective temperature
T obtained at various delays and excitation densities is
shown in Fig. 3. It turns out that the peak position of the
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spectra measured at the lowest excitation density used in
our experiments (no = 8 x 10!® cm~3) shifts from 1.82
eV at generation to the energy expected for the bound
exciton (1.823 eV) beyond 200 ps. This implies that al-
though the low energy tail of the luminescence spectra is
due to biexcitons, the luminescence at 1.823 eV for long
delays evolves into that predominantly due to bound ex-
citon radiative recombination for ng = 8 x10® cm™3. An
attempt to fit the data in this case using Eq. (3) leads
to values of I' larger than those obtained for much higher

60
.no=81|0”cm'3
= m.n =4xIO'7cm'3
50 E ’
\ £
\ [
\ .’_._..______‘_
40\, -y m
.\. (1) A T SO G S |
0 100 200 300 400
Ax Delay (ps)
— 30 \ @ ny=8x107 cni 3
x \ 17 _3
— \{ A B no=4xI0 cm
= = 8x10' ¢ 3
= 2 ‘\\\\ A =8x10" cm
A Y S
\\\\\ e__|
10t n
Cd Se, 8K
0 1 ! 1 1 1 1 1 1
0 100 200 300 400
Delay (ps)
FIG. 3. The biexciton effective temperature (Tar) shown

at various delays and excitation densities. The dashed curve
is drawn to guide the eye. The inset shows I' (I" is the
sum of biexciton and exciton collision induced relaxation
frequencies,*® see text).

excitation densities (Fig. 3, inset). Since I is expected to
decrease as the excitation density decreases, we conclude
that Eq. (2) rather than Eq. (3) adequately describes
the data at ng = 8 x 10'® cm™3. The cooling behav-
ior appears to be independent of the excitation density
within the experimental errors (~10-20 %).

The biexciton cooling rate is determined by the energy
loss rates due to phonon emission via various biexciton-
phonon couplings. Writing 3kdTs/dt = —(dep/dt),
k being the Boltzmann constant, we can determine
(depr/dt), the average energy loss rate per biexciton in
CdSe, using the data (and the dashed curve drawn to fit
the data) of Fig. 3. The energy loss rate thus obtained
is shown in Fig. 4 (continuous curve).

For a comparison with the energy loss rates expected
theoretically, we note that the average energy loss rate
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FIG. 4. The experimental (continuous curve) biexciton

energy relaxation rate (for no = 8 x 10'7 cm™?) is compared
with theory (dashed curves) based on phonon emission by
biexcitons.
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due to phonon emission is given by'?

1 oo . ON?
eef i) = s [ i ()20 0

8

where s denotes the phonon coupling mechanism, nar
is the biexciton density, V' is the crystal volume, N;
and hwy, respectively, are the occupancy and energy of
phonons of type s. For optical phonons, hwy ~ hwg and
for acoustic phonons Aw; =~ hug, where u is the sound
velocity and ¢ is the phonon wave vector. Assuming
a Maxwell-Boltzmann biexciton energy distribution, the

phonon generation rate dN; /0t is given by

o = O R e,

(3)

where mjs is the biexciton effective mass (equal to
2m,), Xg = hwd/kTuy, by = (B*/8makTar) x [q —
(2marhwy/ h%q)]?, and Mj is the matrix element describ-
ing the biexciton-phonon interactions. The biexciton-
phonon couplings have not been calculated so far, but
may be written in analogy with those for exciton-phonon
interactions.®!® Thus we have, for the Frohlich coupling
of biexciton with longitudinal optical (LO) phonons,

1 2rnhwroe? [ 1 1
|M;°(q)| = E(qe - Qh)\/—VL—O- (— - ~—),

(6)

9e(h) = {1 + [(qac/2)mh(e)/mm]2}_2’ (7)

a. is the exciton Bohr radius, m.4) is the electron (hole)
effective mass, hwro is the LO phonon energy, and €(o)
is the optical (static) dielectric constant. For deformation
potential (DP) and piezoelectric (PE) acoustic phonon
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coupling, we have, respectively,

[M2P(q)| = (h/20uV)/?q"/*(Dcge — Dogn),  (8)

IMPE(q)| = (h/2puV)"/*[4meépe /0" *](ge — an),
(9)

where p is the crystal mass density, D.(,) the deforma-
tion potential for the conduction (valence) band, and
épe the effective piezoelectric coupling constant. Using
Egs. (2)-(6), we can calculate (deps/dt) for various val-
ues of Ts. For such a calculation, we use the following
CdSe parameters:'51® m, = 0.13mqg, m, = 0.8mg, mo
is the rest mass of the electron, ¢y = 9.75, €5, = 6.75,
p = 5.81 gms/cm®, hwro = 26.5 meV, a, = 5.36 nm,
u = 2.391x10° cm/sec, D, = 4.2 eV, D, = 2.2 €V, &, =
0.0144 (0.0189) C%/m* for the longitudinal (transverse)
acoustic phonon case. Since the biexciton-phonon cou-
pling parameters are yet to be determined, but may be
similar to the exciton-phonon case, we have assumed here
that the known exciton-phonon coupling parameters!®
are also valid for the biexciton case. The calculated en-
ergy loss rates (dashed curves) are shown in Fig. 4 to-
gether with the experimental rate (for no = 8 x 107
cm~3) deduced from the data of Fig. 3. The theory
based on Egs. (3)—(8) is seen to give a total energy loss
rate somewhat larger than that obtained experimentally.
This suggests that the biexciton-phonon couplings may
be weaker than those for exciton-phonon interactions. It
should be interesting to investigate this aspect in more
detail.

In conclusion, we have made time- and energy-resolved
measurements of the biexciton luminescence spectrum in
CdSe at 8 K. Using these, we have deduced the hot biex-
citon energy relaxation rates in CdSe.
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