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Thermal relaxation of excitons in ZnSe and Zn12xMn xSe diluted magnetic semiconductors
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We use time-resolved photoluminescence spectroscopy to measure the thermal relaxation of hot excitons in
ZnSe-based diluted magnetic semiconductors at low temperatures (Tlat,10 K). Unlike other direct-gap semi-
conductors, the strong Fro¨hlich interaction in ZnSe semiconductors means that a spectral line associated with
recombination of excitons accompanied by the emission of 1 or 2 optic phonons is easily visible in the
photoluminescence spectra. The emission of the optic phonon relaxes the momentum selection rules so that any
exciton in the band is allowed to recombine. Thus, the 1-LO and 2-LO phonon replica lines give a direct
measure of the electronic temperature of the excitons within their bands. We find that the excitons relax within
300 ps to the lattice temperature, and that this relaxation can be accurately described by the emission of
acoustic phonons through deformation-potential scattering theory.@S0163-1829~97!06108-0#
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ZnSe-based heterostructures have recently become s
candidates for commercially viable blue solid-state lase
The electronic states responsible for the laser emissio
these materials are thought to be either excitonic or bie
tonic in nature.1–3 Obtaining reliable data on the therm
relaxation of hot excitons in these materials would be p
ticularly useful for design of high-efficiency electro-optic
devices. Unfortunately, in most direct-gap semiconduct
~such as ZnSe! momentum conservation considerations me
that only excitons near the Brioullin zone center can reco
bine and so no information about the thermal distribution
excitons can be obtained. However, in ZnSe the strong F¨h-
lich interaction between the electronic states and o
phonons means that recombination of excitons accompa
by emission of one or several phonons can be readily
served. Indeed, such phonon-assisted exciton luminesc
has been used previously to determine energy relaxa
rates in Cu2O.

4 In this submission, we show how time
resolved photoluminescence from these phonon-assiste
combinations gives a direct measure of the instantane
thermal distribution of excitons within their parabolic band
allowing one to determine directly the thermal energy lo
rate for hot excitons.

Samples used in these experiments consist of high-pu
ZnSe and ZnxMn12xSe epilayers grown on GaAs substrat
by molecular beam epitaxy. The epilayers are all 1 to 5
crons thick so that the strain caused by the lattice misma
between the epilayers and the GaAs substrate has been
pletely relaxed by dislocations near the ZnSe/GaAs-subs
interface. Time-resolved and~CW! photoluminescence is ob
tained by photoexciting the epilayers with a frequenc
tripled, mode-locked Nd-YAG laser. The resultant las
pulses at 354.7 nm were 80 ps wide and spaced 13.2 ns a
The average power was kept less than 0.5 mW, and the
spot nominally unfocused to a 1-mm spot to avoid heati
The samples were mounted onto a copper block insid
Janis variable-temperature cryostat, and the temperature
controlled by a computer.

Figure 1 displays a typical time-integrated photolumin
cence~PL! spectrum from the 3-mm-thick high-purity ZnSe
550163-1829/97/55~8!/5062~3!/$10.00
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epilayer. These samples are of particularly high purity as
be seen by the detailed excitonic structure near 2.8 eV wh
shows a prominent free exciton line as well as seve
impurity-bound excitons at lower energy. Unfortunate
these zero-phonon recombination lines are not useful
measuring the thermal relaxation of excitons in their ba
because momentum conservation requires thatonly those ex-
citons withk vectors matching that of the out-going photo
may recombine. This means that these emission lines re
only sample the exciton population neark50, at the bottom
of the excitonic band.

A typical time-resolved spectrum from the same sam
~shown in Fig. 2!, concentrating on the zero-phonon boun
and free-exciton recombination lines, shows this difficu
clearly. The electrons and holes are excited well above
bottom of the band with significant amounts of excess
ergy. These electrons and holes cool to within a single o

FIG. 1. Time-integrated photoluminescence spectrum of hi
purity ZnSe at 10 K. Several free- and bound-exciton lines are s
at approximately 2.81 eV. At lower energy note the 1-LO and 2-
phonon replicas of the free exciton.
5062 © 1997 The American Physical Society
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phonon~30 meV or 300 K! of the band edge through th
emission of optic phonons in a time less than 1 ps. Howe
once the excitons cool to this point they can only cool furth
through slower emission of acoustic phonons. Thus,
would expect that the excitons would have an initial te
perature of at least 100 K, but should equilibrate to the lat
temperature~4.5 K! rapidly as the excitons emit acoust
phonons. The time-resolved spectra of the zero-phonon
citon luminescence shows little evidence for this expec
cooling. While some small changes are seen at the ear
times between the intensities of the free exciton and the
bound exciton lines, virtually no change is seen in the re
tive intensities of these lines throughout their lifetimes. T
is merely a reflection of the momentum selection rules
scribed above: the zero-phonon exciton PL lines only sam
the very bottom of the exciton band and so are comple
insensitive to the thermal distribution of excitons within t
parabolic bands.

If one looks closely at the PL spectrum in Fig. 1, one c
also see several relatively broad, asymmetric PL lines
lower energy, each separated by a multiple of 30 meV fr
the zero-phonon exciton PL lines. These lines are the re
of excitons recombining and emittingbotha photon and one
or two longitudinal-optic phonons. The restrictive mome
tum selection rules are removed because the phonon take
the additional momentum of the exciton. Thus, for these p
non replicas of the exciton PL line,any exciton in the band
may recombine and emit a photon which is characteristic
the kinetic energy of the exciton as it recombines. In fact,

FIG. 2. Time-resolved spectra of the zero-phonon free-
bound-excitons PL lines near 2.81 eV.
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intensityof the emitted PL at that energy is proportional
the population of excitons at that kinetic energy. The e
pected lineshape for these phonon replicas is therefore
the density of states multiplied by a Boltzmann facto
A«e2«/kBT, whereA« is the three-dimensional density o
states for the exciton, andT is the exciton temperature.

In these experiments, we look at the 2-LO phonon repl
rather than the 1-LO replica because the latter luminesce
line has superimposed on it several sharp peaks assoc
with the two-electron Auger PL lines~see Fig. 1!. In contrast
~see Fig. 3!, the 2-LO PL line is quite clean and display
exactly the expected form for the PL intensity versus ener
Note the broad asymmetric PL lines with long exponen
tails on the high-energy side. Just after the laser pulse
line is quite broad~indicating the higher temperature! but
narrows quickly. The solid lines are fits at each time to t
2-LO PL line. The temperatures are shown for each sp
trum. Note that just after the laser pulse, the exciton temp
ture is seen to be 90 K—well above the lattice temperature
4.5 K. However, the exciton temperatures cool rapidly to
lattice temperature within several hundred picoseconds.
exciton temperature determined from these fits as a func
of time is shown as squares in Fig. 4. Note also that the
energy edge of the 2-LO PL line is quite sharp and does
shift with time after the laser pulse, despite the fact that
excitons display initial temperatures approaching 100
This indicates that thelattice temperatureis not changed
locally by the absorption of the laser pulse.~Note that if the
lattice temperature were locally raised by absorption of

d
FIG. 3. Time-resolved spectra of the 2-LO phonon replicas

the free-exciton PL line. Solid lines are fits to the Maxwe
Boltzmann exciton line shapeAEe2E/kt.
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laser pulse, one would expect to see an initialredshiftof the
photoluminescence line.!

Similar measurements have been made in Zn12xMnxSe
for Mn concentrations of 2~circles, Fig. 4! and 4%. The
thermal relaxation of excitons in these magnetic semicond
tors is nearly identical to that seen in the pure ZnSe epila
This is to be expected since acoustic phonon emissio
thought to be the dominant energy relaxation process
excitons in these materials. While the elastic coefficients
the epilayer change slightly with the addition of Mn in
ZnSe, the physics underlying the phonon emission r
would not be expected to change dramatically.

FIG. 4. Temperatures extracted from fits to data as in Fig
shown as a function of time after excitation by the laser pu
Squares are data obtained from the high-purity ZnSe sample, ci
are data obtained from the 2% ZnxMn12xSe epilayer. Solid lines are
fits to Eq.~1! as described in the text.
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We model this phonon emission by using standard de
mation potential scattering theory. For acoustic phonons,
average energy loss rate may be expressed as4

Gac5 K dEdt L 5
8A2
p3/2

Jac
2m5/2

h4r
~kBTe!

3/2S 12
Tl
Te

D ~1!

whereJac is the acoustic deformation potential,m is the
exciton mass,r is the mass density of ZnSe,Tl is the lattice
temperature,kB is the Boltzmann constant, andTe is the
average electronic temperature. Given the energy loss
Gac, the change in temperaturedTe per time intervaldt is
given bydTe5Gac(Te)dt/kB . Using the initial exciton tem-
perature measured in our experiments and the known ef
tive masses and densities of ZnSe,5 we can numerically in-
tegrate this expression to determine the exciton tempera
as a function of time. The only free parameter is thus def
mation potential,Jac. The solid lines in Fig. 4 are best fits t
the thermal relaxation data. We find that the optimal fit to t
data yieldsJac53.8 eV for pure ZnSe andJac53.9 eV for
the 2% ZnxMn12xSe epilayer.

To summarize, we have shown that it is possible to m
sure the instantaneous thermal distributions of excitons
ZnSe and related compounds by time-resolved photolu
nescence of the 2-LO replica of the free-exciton line. W
find that the initial relaxation of excitons to within 100 K
occurs very rapidly, probably within several picoseconds.
nal thermalization with the lattice occurs relatively slow
through the emission of acoustic phonons. We model
relaxation mode using standard deformation potential s
tering theory and determine the acoustic deformation po
tial Jac equal to 3.6 eV.
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