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Exciton diffusion in CdSe
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In transient laser-induced grating experiments, the diffusion coefficients and lifetimes of free excitons
are determined in CdSe at temperatures between 2 and 40 K and for different densities. We find that the
diffusion coefficient D decreases and that the recombination lifetime T, increases with increasing tem-
perature. The increase of T& with temperature is due to the release of excitons bound to impurities and
to an increase of the radiative lifetime. From the measured D values for motion parallel and perpendicu-
lar to the crystal c axis, we extract momentum relaxation rates which are discussed in terms of exciton-
acoustic-phonon scattering. In pure samples, and for lattice temperatures T (10 K, the interaction via
the deformation potential is dominating, while for higher temperatures, the interaction via the piezoelec-
tric potential becomes significant.

I. INTRODUCTION

Excitons, or bound states of electron-hole pairs, are the
lowest elementary electronic excitations in semiconduc-
tors at low temperature, and are typically created by an
optical excitation either resonantly or in the band contin-
uum. Being neutral particles, their spatial redistribution
does not carry any current, but is nevertheless very im-
portant for energy transport and relaxation in semicon-
ductors.

Since excitons, even at relatively low densities, alter the
optical parameters (absorption coefficient and refractive
index) near the exciton resonances, they can be moni-
tored by nonlinear optical spectroscopies like, e.g., four-
wave mixing. In particular, degenerate four-wave mixing
(DFWM) in a three-beam configuration with picosecond
time resolution, or transient laser-induced gratings
(TLIG), have proven very powerful in determining both
the diffusion coefficient and the lifetime of photoexcited
carriers, independently. ' It is a contact-free and non-
destructive technique, that recently has'been used exten-
sively to study exciton diffusion in pure elemental or
binary compound semiconductors, in systems where the
excitons are confined by nanostructures (quantum wells,
wires, and dots), and in systems where fiuctuating poten-
tials from interface roughness or alloy disorder tend to lo-
calize the excito'. s. In the present paper, we will con-
centrate on the first item, presenting a more rigorous
study of diffusio i in CdSe than previously reported. We
present a detailed investigation of the temperature depen-
dence of the anisotropic diffusion coefficient of excitons
at low temperatures, and simultaneously we determine
the recombination lifetime Ti of excitons. We will dis-
cuss the different scattering mechanisms in the semicon-
ductor that are responsible for the magnitude and the
temperature dependence of the momentum relaxation
times and thereby the diffusion coefficient.

The paper is organized as follows: In Sec. II we give a
brief introduction to the scattering and diffusion of exci-
tons. The basic ideas of the experimental method are ex-

plained in Sec. III. After some notes about the experi-
mental setup in Sec. IV, we present and discuss our re-
sults in Sec. V.

II. SCATTERING AND DIFFUSION OF EXCITONS

In a classical approach, the diffusion coefficient D is
connected to the momentum relaxation time 7 of exci-
tons by the relation

k~rD= 7, t))7 )p

where m*=m, +mI, is the total exciton effective mass,
m, and ml, are the effective electron and hole masses, k~
is the Boltzmann constant, and T is the (effective) temper-
ature of the exciton gas. We indicate that Eq. (I) is only
valid for times t much larger than the momentum relaxa-
tion time. In the limit t =7 the problem is governed by
ballistic transport, which is not treated here.

The exciton momentum is changed by the interaction
with other particles and quasiparticles such as impurities
and phonons, and we assume that 7 can be described by
the sum of all scattering rates I,

7p

We neglect exciton-exciton scattering, which is only of
importance for high-excitation density, and the scattering
with optical phonons which gives no significant contribu-
tion for T (50 K. In the following, we discuss the in-
teraction with acoustic phonons giving rise to a charac-
teristic temperature dependence of the scattering rates,
which enter into the calculation of the exciton diffusion
coefficient.

The scattering of excitons in CdSe with acoustic pho-
nons has two contributions, due to the interaction via the
deformation potential and via the piezoelectric potential.
The deformation potential gives rise to a short-ranged
scattering center with scattering rate I d . '
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I ~(m*T)
dp (4a)

In anisotropic crystals, the excitons can furthermore
scatter via the long-ranged piezoelectric potential.
Piezoelectric scattering is highly anisotropic, i.e., it de-
pends strongly on the wave vectors of the involved parti-
cles and is strongest parallel to the c axis. In the limit of
phonon wave vectors comparable to (or larger than) the
inverse exciton radius, the piezoelectric interaction gives
rise to another temperature and mass dependence of the
scattering rate I p, .

I (m*T)'~
pe (4b)

By measuring the temperature dependence of the
diffusion coefficient, we discuss the different interactions
responsible for the momentum relaxation rates.

&2(D D—) k T(m*) E'r„= c U 8
dp 2 4&pv i6

where D, —D, is the deformation potential, p is the mass
density of the crystal, v is the longitudinal sound velocity,
and E is the kinetic energy of the exciton. Approximat-
ing the kinetic energy by the thermal average value, the
temperature and mass dependence of the momentum re-
laxation rates via the deformation potential is given by

of the two incident beams with the sample, and a real-
density grating due to the resonant excitation. The first
contribution is only significant on a time scale limited by
the phase relaxation time of the excitations in the crystal.
The high-difFraction efficiency of this coherent grating ex-
perienced by a third delayed beam' is not investigated
further in this work. Qn a time scale beyond the phase
relaxation time, the second contribution is significant.
The density grating created, proportional to the intensity
of the two incident interfering light fields, is a harmonic
grating with a modulation bN(t) of the density of exci-
tons X(t) given by

bN(t)= exp( —az) ~ [(I+cos(2mx/A)I,X(r)
2

where a is the absorption coefficient, x is the direction of
diffusion, z is the depth in the crystal, and A is the grat-
ing constant:

e
2 sin

2

where A, is the wavelength of the exciting laser. If only
recombination and diffusion of excitons contribute to the
decay of the transient grating, the decay is governed by

III. THE TRANSIENT GRATING METHOD BKX D ~(~~) bX
dt Ti

(7)

This technique, which is based on a time-resolved
three-beam DFWM, has been developed during the last
decade into a very useful spectroscopic technique. ' '"
Time-resolved coherent DFWM yields information about
coherence and phase relaxation of the optical resonances
(excitons) involved. ' In this work, however, we merely
focus on the light-induced incoherent density grating ex-
cited resonantly in the lowest exciton (A) resonances in
CdSe.

Consider two laser beams incident on the surface of the
crystal with a small mutual angle e, as sketched in the
inset of Fig. 1. The interference pattern between the two
incident beams produces a grating, which has two contri-
butions: A field grating due to the coherent interaction

where we assume the diffusion coefficient D to be in-
dependent of space coordinates. Inserting Eq. (5) into
Eq. (7) we find the decay time TD of the intensity of the
first difFracted order I ~ [bN(t)] as'

1 2 8mD
TD Ti

By measuring the decay time TD as a function of the
grating constant A, we determine the diffusion coefficient
D from the slope of TD

' versus 1/A . By extrapolation
to 1/A =0, we also determine the recombination lifetime
T, of the excitons.

IV. EXPERIMENTAL SETUP
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FIG. 1. Schematic diagram of the experimental setup. B.S.:
beam splitter; D: diaphragm; L 1 and L2: lenses; M 1 —M9:
mirrors; ML: mode locker; OMA: optical multichannel
analyzer; VDL: variable delay line.

Measurements in the temperature range of 2 —40 K are
realized in the experimental setup sketched in Fig. 1. We
investigate CdSe samples of good optical quality, as
grown from the vapor phase with the c axis in the plane
of the platelets, about 10 pm thick. They are immersed
in a variable-temperature helium cryostat. Pulses of
about 7 ps [full width at half maximum (FWHM)] and
82-MHz repetition rate are generated by a mode-locked
argon-ion laser which pumps synchronously a tunable
dye laser (DCM). The generated pulses have a spectral
width of 2.4 meV and all measurements are performed
with a linear polarization perpendicular to the c axis,
Elc. The laser beam is split into three separate contribu-
tions which are spatially overlapping in the focus on the
crystal surface. Two of the beams are temporally over-
lapping and they produce the transient grating, which is
probed by the third delayed beam. The first-order
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diffraction of this delayed beam is dispersed in a spec-
trometer, which has a resolution of 0.2 meV, and is
detected, time integrated, by an optical multichannel
analyzer (OMA) system. The spectra are recorded as a
function of the delay ~ of the third beam. Due to the an-
isotropy of the hexagonal CdSe crystals, different
diffusion coefficients D~I, and D~, are expected parallel
and perpendicular to the c axis, respectively. By a simple
rotation of the crystal, a grating can be created parallel
or perpendicular to the c axis, and the anisotropy of the
diffusion can be measured.

V. RESULTS AND DISCUSSION

We obtain decay curves as shown in Figs. 2 and 3 for
temperatures T= 12 and 25 K, when exciting with an ex-
citation density of about 30 kW/cm in the spectral range
just below the A„& exciton. These curves, which are
measured for a grating vector G parallel to the c axis
(G~~c), consist of three parts: A spike around &=0, due to
the coherent interaction between the polarization of the
crystal and the probe beam; a subsequent nonexponential
decay, due to the thermalization of excitons; and a final
exponential decay for ~)600 ps governed only by
diffusion and recombination of excitons, which are in
quasiequilibrium with the lattice. The initial part for
~&600 ps strongly depends on the temperature and on
the kinetic excess energy of the excitons. The slopes,
especially for large grating constants, diminish with ris-
ing temperature. Increasing the temperature further to
30 K, these curves even reveal a small maximum of inten-
sity around ~=200 ps.

Generating the excitons near the A„2 exciton reso-
nance with an excess energy of about 10 meV causes a
steeper initial decay, which after 500 ps bends over to the
shape of the decay curves measured near the 3„& reso-
nance, as shown in Fig. 4. We attribute the initial decay
to the cooling of the excitons toward the final thermal-
ized distribution, which does not depend much on the ex-

10
C

0

M
C

0
10 2

Z)

D

0
10 3 )» i I 1 I I I I I I ( I

0 500 1000 1500 2000

Delay Time T (ps)

FIG. 3. Diffracted signal intensity for excitation ( =30
kW/cm ) just below the A„=& exciton resonance for a lattice
temperature of T =25 K vs delay z for different grating con-
stants: (a) A=7. 6 pm, (b) A=6. 3 pm, (c) A=5.4 pm, (d)
A =4.7 pm, and (e) A =4. 1 pm, with grating vector Cx~~c.

citation conditions. This cooling is known to take place
on a time scale of about 500 ps. ' On this time scale, a
contribution to the initial decay from high-excitation
effects, i.e., biexciton formation and exciton-exciton
scattering, is present. We will in the following concen-
trate on the decay for ~) 600 ps, where the excitons are
in quasiequilibrium with the lattice and Eq. (8) can be ap-
plied to determine the diffusion coefficient and the life-
time of the particles. The insets of Figs. 2 —4 demonstrate
the linear dependence between TD

' and 1/A .
The resulting recombination lifetime T, is shown in

Fig. 5 as a function of temperature increasing from
T& =2 ns at 2 K to T& =6 ns at 40 K. We tentatively ex-
plain the increase of the recombination lifetime with tem-
perature by thermal release of impurity-bound exci-
tons' ' and by an increase of the radiative lifetime of
free excitons. In II-VI materials, the radiative lifetime is
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FIG. 2. Diffracted signal intensity for excitation ( =30
kW/cm ) just below the A„=& exciton resonance for a lattice
temperature of T=12 K vs delay w for different grating con-
stants: (a) A=7.6 pm, (b) A=6. 3 pm, (c) A=5.4 pm, (d) A=4. 7
pm, and (e) A=4. 1 pm, with grating vector Cx~~c. The inset
demonstrates the determination of D and T, .
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FIG. 4. Diffracted signal intensity for excitation ( =30
kW/cm ) just below the A„=2 exciton resonance for a lattice
temperature of T=18 K vs delay z for different grating con-
stants: (a) A=6. 3 pm, (b) A=5.4 pm, (c) A=4. 7 pm, (d)
A=4. 1 p.m, and (e) A =3.7 pm, with grating vector Ci~~c.
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FIG. 5. Lifetime T& for the 3„=& exciton vs temperature.
The solid curve is only to guide the eye.

FIG. 7. DifFusion length L~~ of excitons vs temperature. The
solid curve is only to guide the eye.
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of the same order of magnitude as the measured life-
times, ' and increases with increasing temperature due to
the thermal occupation of states with large k vectors. We
cannot in our measurements distinguish between the two
contributions to the observed increase of the recombina-
tion lifetime.

The temperature dependence of the diffusion coefficient
parallel D~~, and perpendicular D, , to the c axis is shown
in Fig. 6. The diffusion coefficient decreases from

D~~, =20 cm /s at 2 K to D~~, =6.6 cm /s at 12 K and
stays nearly constant up to 40 K. The diffusion
coefficient D~, is much larger ranging from D~, =140
cm /s at 2 K decreasing to D~, =26 cm /s at 30 K. The
size of the circles in Fig. 4 indicates the standard devia-
tion of the difFusion coefFicient, when calculated from the
1/T, versus 1/A plots (insets, Figs. 2 —4). The experi-
mental error is not included, but can be estimated from
the reproducibility of the three points measured at 4.2 K
to be about 15%%uo. The inset of Fig. 6 shows the measured
ratio between D~, /DI~„which is decreasing with increas-
ing temperature.
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The exciton difFusion length I.=QDT, is plotted in
Fig. 7 as a function of temperature. L decreases for low
temperatures due to the decrease of D and shows a
minimum around 10 K. The increase of the diffusion
length for T) 10 K is due to the increase of the lifetime.

Taking the relevant exciton masses of m~ =0.40mo
and m

~~

= 1.3m o,
' and assuming that the exciton tem-

perature coincides with the lattice temperature, we can
from Eq. (1) calculate the momentum relaxation times r .
The largest momentum relaxation times at 2 K are
Tp J 280 ps and &~

~~

= 85 ps, which demonstrate that we
have satisfied the condition t ))r~ in Eq. (1).

It is evident that the corresponding momentum relaxa-
tion rates 1/~ in Fig. 8 for diffusion perpendicular to the
c axis increase as T indicating deformation-potential
scattering [Eq. (4a)] in the temperature range from 2 to

FIG. 6. Measured di6'usion coefficient parallel DII, and per-
pendicular D~, to the c axis. The solid curves are only to guide
the eye. The inset shows the ratio Dz, /D~~, .

FIG. 8. Momentum relaxation rates parallel 1f~~~~, (dots)
and perpendicular 1/~~~, (crosses) to the c axis for m

~~,
=1.3m0

and m ~, =0.40m0.
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30 K. This is also seen for diffusion parallel to the c axis
for temperatures T&8 K. However, for T) 10 K we
find that the momentum relaxation rates are proportional
to the temperature. For temperatures 8& T &10 K, a
steeper increase is observed and we suggest that both
piezoelectric-potential and deformation-potential scatter-
ing are responsible for the observed temperature depen-
dence above 10 K.

From Eqs. (1) and (4a), and by assuming isotropic de-
formation potentials and sound velocities, it can be seen
that for deformation-potential interaction we have

D„/Dii ~(~ii /~~~ )

dence is expected for piezoelectric potential interaction.
The measured decrease of the ratio D~, /D~~, with tem-
perature in the inset of Fig. 6, from 7.3 at low tempera-
tures to a value of 4.0 at higher temperatures, can be un-
derstood by the increase of piezoelectric scattering with
temperature. For low temperatures, the ratio is mainly
governed by interaction of excitons via the deformation
potential, while for higher temperatures piezoelectric
scattering becomes more significant. Assuming only
deformation-potential interaction, the measured ratio of
D~, /DII, =7-3 gi~es a mass rati« f m~~, /~,*,=1.9,
which is smaller than the literature value of 3.2. We sug-
gest that the observed discrepancy has several causes. If
the laser-induced grating is not created strictly parallel or
perpendicular to the c axis, a misalignment of a few de-
grees will reduce the measured ratio D~, /D~~, . Further-
more, we have neglected the anisotropy of the deforma-
tion potential and of the sound velocity in our considera-
tions. Finally, contributions of other scattering mecha-
nisms than deformation-potential interaction can de-
crease the ratio.

The temperature dependence of the scattering rates in
Fig. 8 shows that exciton interaction with acoustic pho-
nons is governing the difFusion in the investigated sample.
However, from the temperature dependence of the
recombination lifetime T& we concluded that trapping by
impurities are limiting the lifetime of excitons at least at
the lowest temperatures. We also investigate the
infIuence of impurities on the scattering rates by measur-
ing the intensity dependence of the diffusion coefficient,
and observe a small increase of the measured diffusion
coefficient with the excitation density, as shown in Fig. 9.
This we attribute to the saturation of the impurities
which otherwise contribute to scattering (momentum re-
laxation) as well as to recombination. ' The measured in-
crease of lifetime with intensity, shown in the inset of Fig.
9, supports this explanation. Thermal heating as well as
exciton-exciton collisions at high intensity would increase
the scattering rates and decrease the diffusion coefficient.
Neglecting the latter, we can estimate a low-temperature
impurity trapping rate of I; =3 GHz from the
difference in magnitude of the diffusion coefficient of D
for high and low intensities.

Impurity scattering or trapping may strongly change
the value and the temperature dependence of the
diffusion coefficient D. In Fig. 10, we have plotted mea-
surements published previously by our group (crossed
squares), showing a slight increase of D with increasing
temperature. They should be compared with the present
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FIG. 9. Diffusion coefficient D~~, and lifetime vs excitation
density. The solid curves are only to guide the eye.
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FIG. 10. Calculated diffusion coefficient D (see text) due to
deformation-potential interaction and for different impurity
scattering rates: (a) I; =0, (b) I; =2 GHz, {c)I; = 5 GHz, (d)
I; =10 GHz, (e) I; =50 GHz, (f) I; =100 GHz, (g) I; =500
GHz. Solid squares are measured from Fig. 6 and crossed
squares are measurements from Ref. 6.

results (solid squares), showing much larger values for D,
but decreasing with increasing temperature. Equations
(1) and (4) prove that an increase of D with increasing
temperature cannot be explained by exciton-phonon
scattering. To explain our former results, an additional
scattering mechanism I;,diminishing the diffusion, has
to be considered. The solid curves in Fig. 10 are diffusion
coefficients calculated from Eqs. (1) and (3) with
I/r = I d (T)+I;, assuming temperature- and k-
vector-independent scattering (trapping) rates I; . For
the longitudinal sound velocity v and the mass m

~~

=1.3
mo, we choose the literature values, but for the value of
the deformation potential we take D, —D, =6.3 meV. ' '
It can be seen that, with increasing impurity scattering
rates, the diffusion coefficient decreases for very low tem-
perature and decreases less pronouncedly for higher tem-
peratures, leading to a maximum of the curve that de-
pends on the impurity scattering rate. It should be men-
tioned that we describe the inAuence of impurity scatter-
ing more qualitatively than quantitatively, because we as-
sume a temperature- and k-vector-independent exciton-
impurity scattering term, neglect the interaction with
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phonons via the piezoelectric potential, and introduce a
somewhat higher value for the deformation potential
than found in the literature. ' However, the slight in-
crease of D with increasing temperature observed in Ref.
6 is evidence for high exciton-impurity scattering rates.

In conclusion, the measured recombination lifetimes of
free excitons in the nanosecond range are increasing with
increasing temperature because of release of impurity-
bound excitons and because of an increase of the radia-
tive lifetime. In pure samples, the measured diff'usion
coefficients D decrease with increasing temperature T.
For deep temperatures we extract momentum relaxation

rates ~ ~ T, due to the scattering with acoustic pho-
nons via the deformation potential. For temperatures
T) 10 K piezoelectric scattering becomes significant, at
least for diff'usion parallel to the c axis. In samples of less
quality, an increase of D with increasing temperature can
be observed.
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