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Thermal relaxation of excitons in ZnSe and Zn _,Mn,Se 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 temperafiggs 10 K). Unlike other direct-gap semi-
conductors, the strong Hatich 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 thE®6163-18207)06108-7

ZnSe-based heterostructures have recently become stroegilayer. These samples are of particularly high purity as can
candidates for commercially viable blue solid-state lasersbe seen by the detailed excitonic structure near 2.8 eV which
The electronic states responsible for the laser emission iBhows a prominent free exciton line as well as several
these materials are thought to be either excitonic or biexciimpurity-bound excitons at lower energy. Unfortunately,
tonic in nature~3 Obtaining reliable data on the thermal these zero-phonon recombination lines are not useful for
relaxation of hot excitons in these materials would be parmeasuring the thermal relaxation of excitons in their band,
ticularly useful for design of high-efficiency electro-optics because momentum conservation requiresdhstthose ex-
devices. Unfortunately, in most direct-gap semiconductor&itons withk vectors matching that of the out-going photon
(such as ZnSemomentum conservation considerations mearinay recombine. This means that these emission lines really
that only excitons near the Brioullin zone center can recomonly sample the exciton population néas 0, at the bottom
bine and so no information about the thermal distribution ofof the excitonic band.
excitons can be obtained. However, in ZnSe the strongFro A typical time-resolved spectrum from the same sample
lich interaction between the electronic states and optidshown in Fig. 2, concentrating on the zero-phonon bound-
phonons means that recombination of excitons accompanie%nd free-exciton recombination lines, shows this dlfflCU'ty
by emission of one or several phonons can be read”y obClearly. The electrons and holes are excited well above the
served. Indeed, such phonon-assisted exciton luminescenbgttom of the band with significant amounts of excess en-
has been used previously to determine energy relaxatioffdy. These electrons and holes cool to within a single optic
rates in CyO.* In this submission, we show how time-
resolv_ed _photolgminescgnce from these phonqn—assisted re- Energy (cm')
combinations gives a direct measure of the instantaneous 22000 22200 92400 22600
thermal distribution of excitons within their parabolic bands, T - - -
allowing one to. determine directly the thermal energy loss  gyg00k i
rate for hot excitons. ZnSe

Samples used in these experiments consist of high-purity 5 T=10K
ZnSe and ZgMn,_,Se epilayers grown on GaAs substrates £ 60000f ——
by molecular beam epitaxy. The epilayers are all 1 to 5 mi- g hQo
crons thick so that the strain caused by the lattice mismatch g
between the epilayers and the GaAs substrate has been comz
pletely relaxed by dislocations near the ZnSe/GaAs-substrater;
interface. Time-resolved anl@€W) photoluminescence is ob- § 20000k
tained by photoexciting the epilayers with a frequency- =
tripled, mode-locked Nd-YAG laser. The resultant laser
pulses at 354.7 nm were 80 ps wide and spaced 13.2 ns apart. 0 . . ; . . .
The average power was kept less than 0.5 mW, and the laser 2.74 2.76 2.78 2.80 2.82
spot nominally unfocused to a 1-mm spot to avoid heating. Energy (eV)

The samples were mounted onto a copper block inside a
Janis variable-temperature cryostat, and the temperature was F|G. 1. Time-integrated photoluminescence spectrum of high-
controlled by a computer. purity ZnSe at 10 K. Several free- and bound-exciton lines are seen

Figure 1 displays a typical time-integrated photolumines-at approximately 2.81 eV. At lower energy note the 1-LO and 2-LO
cence(PL) spectrum from the 3sm-thick high-purity ZnSe  phonon replicas of the free exciton.
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FIG. 3. Time-resolved spectra of the 2-LO phonon replicas of
FIG. 2. Time-resolved spectra of the zero-phonon free- andhe free-exciton PL line. Solid lines are fits to the Maxwell-
bound-excitons PL lines near 2.81 eV. Boltzmann exciton line shapgE e F/kt.

phonon (30 meV or 300 K of the band edge through the intensityof the emitted PL at that energy is proportional to
emission of optic phonons in a time less than 1 ps. Howeveithe population of excitons at that kinetic energy. The ex-
once the excitons cool to this point they can only cool furtherpected lineshape for these phonon replicas is therefore just
through slower emission of acoustic phonons. Thus, onéhe density of states multiplied by a Boltzmann factor:
would expect that the excitons would have an initial tem-yVee #eT, where & is the three-dimensional density of
perature of at least 100 K, but should equilibrate to the latticestates for the exciton, antlis the exciton temperature.
temperature(4.5 K) rapidly as the excitons emit acoustic  In these experiments, we look at the 2-LO phonon replica
phonons. The time-resolved spectra of the zero-phonon exather than the 1-LO replica because the latter luminescence
citon luminescence shows little evidence for this expectedine has superimposed on it several sharp peaks associated
cooling. While some small changes are seen at the earliegtith the two-electron Auger PL lingsee Fig. 1 In contrast
times between the intensities of the free exciton and the twésee Fig. 3, the 2-LO PL line is quite clean and displays
bound exciton lines, virtually no change is seen in the relaexactly the expected form for the PL intensity versus energy.
tive intensities of these lines throughout their lifetimes. ThisNote the broad asymmetric PL lines with long exponential
is merely a reflection of the momentum selection rules details on the high-energy side. Just after the laser pulse the
scribed above: the zero-phonon exciton PL lines only sampléine is quite broad(indicating the higher temperatyréut
the very bottom of the exciton band and so are completelyarrows quickly. The solid lines are fits at each time to the
insensitive to the thermal distribution of excitons within the 2-LO PL line. The temperatures are shown for each spec-
parabolic bands. trum. Note that just after the laser pulse, the exciton tempera-
If one looks closely at the PL spectrum in Fig. 1, one canture is seen to be 90 K—well above the lattice temperature of
also see several relatively broad, asymmetric PL lines a4.5 K. However, the exciton temperatures cool rapidly to the
lower energy, each separated by a multiple of 30 meV froniattice temperature within several hundred picoseconds. The
the zero-phonon exciton PL lines. These lines are the resuéxciton temperature determined from these fits as a function
of excitons recombining and emittiigpth a photon and one of time is shown as squares in Fig. 4. Note also that the low
or two longitudinal-optic phonons. The restrictive momen-energy edge of the 2-LO PL line is quite sharp and does not
tum selection rules are removed because the phonon takes shift with time after the laser pulse, despite the fact that the
the additional momentum of the exciton. Thus, for these phoexcitons display initial temperatures approaching 100 K.
non replicas of the exciton PL lin@ny exciton in the band This indicates that thdattice temperatureis not changed
may recombine and emit a photon which is characteristic ofocally by the absorption of the laser pulgblote that if the
the kinetic energy of the exciton as it recombines. In fact, thdattice temperature were locally raised by absorption of the
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We model this phonon emission by using standard defor-
mation potential scattering theory. For acoustic phonons, the
average energy loss rate may be expresséd as

75 T T

dE\ 82 E2m®? o T
& 50t ac=<a>=?/7—h4p (kgTe) (1—T—e) 1)
g where E 4 is the acoustic deformation potentiah is the
© exciton massp is the mass density of ZnS#g, is the lattice
g temperaturekg is the Boltzmann constant, anf, is the
g 251 average electronic temperature. Given the energy loss rate
IE I',., the change in temperatudET, per time intervaldt is

given bydT.=T ,(Te)dt/kg. Using the initial exciton tem-
perature measured in our experiments and the known effec-

ZnM : e . .
ol . nl nSIe o, tive masses and densities of ZrfS&ge can numerically in-
0.0 0.5 1.0 1.5 tegrate this expression to determine the exciton temperature
Time (ns) as a function of time. The only free parameter is thus defor-

mation potentialZ ... The solid lines in Fig. 4 are best fits to
the thermal relaxation data. We find that the optimal fit to the

FIG. 4. Temperatures extracted from fits to data as in Fig. 3., yields= ,.= 3.8 eV for pure ZnSe and ,.=3.9 eV for
. . - ac= 3. ac=3-
shown as a function of time after excitation by the laser pulse,[he 2% ZpMn, _, Se epilayer.

Squares are data obtained from the high-purity ZnSe sample, circles To summarize, we have shown that it is possible to mea-

are data obtained "0”? the 2% .4in; _Se epilayer. Solid lines are sure the instantaneous thermal distributions of excitons in
fits to Eq.(1) as described in the text. ZnSe and related compounds by time-resolved photolumi-
nescence of the 2-LO replica of the free-exciton line. We
find that the initial relaxation of excitons to within 100 K
L i occurs very rapidly, probably within several picoseconds. Fi-
Similar measurements have been made in ZMn,Se  ng| thermalization with the lattice occurs relatively slowly
for Mn concentrations of Zcircles, Fig. 4 and 4%. The  hrough the emission of acoustic phonons. We model this
thermal relaxation of excitons in these magnetic semiconduGg|axation mode using standard deformation potential scat-

tors is nearly identical to that seen in the pure ZnSe epilayekering theory and determine the acoustic deformation poten-
This is to be expected since acoustic phonon emission igy =

_ : Eacequal to 3.6 eV.
thought to be the dominant energy relaxation process for
excitons in these materials. While the elastic coefficients of We gratefully acknowledge the support of the National
the epilayer change slightly with the addition of Mn into Science Foundation through NSF Grant No. DMR 94-09049,
ZnSe, the physics underlying the phonon emission rat¢he Office of Naval Research, and the University of Cincin-
would not be expected to change dramatically. nati Research Council.

laser pulse, one would expect to see an initashiftof the
photoluminescence ling.
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