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The kinetics of the nonequilibrium photogenerated electron-hole plasma in CdSe is investigated

" using picosecond time-resolved spectroscopy at room temperature. Based on the fact that the polar

optical-phonon emission rate is reduced due to screening by the high density of the e-# plasma, the

remaining dominant mechanism for hot-carrier cooling is the nonpolar optical-phonon emission

even though CdSe is a highly polar semiconductor. It has been observed that the photogenerated

carrier density is much lower than the estimated carrier density using known values of the absorp-
; tion coefficient, reflectivity, and photon fluence. Rapid plasma expansion has been proposed as a
. possible explanation on the grounds of the observed larger spatial width of the!photoluminescencc

relative to the laser spatial width, moderate change of Auger recombination rate with the excitation

fluence, the absence of an observed change in the Fermi level with increased excitation intensity‘, and-

earlier formation of excitons after the picosecond pulse (5 psec) excitation at a low temperature {12

K). The observed carrier density =35 psec after excitation is limited to 1x 10" cm—? within the ex-

citation photon fluence of 2% 10657 10% photons/cm? at room temperature. Large values of the

diffusion constant are explained in terms of a screened electron-phonon interaction, The possibility

of saturation of the available states in explaining small carrier densities is eliminated by ‘the observed

faster cooling rate at low-excitation intensity and the sublinear change in the luminescence spatial

width with excitation fluence.

I. INTRODUCTION

The photogeneration of an electron-hole (e-h) plasma
in semiconductors has been studied!—* for many years.
Probing this plasma in time provides valuable information
on both the nonequilibrium and equilibrium states in
terms of the interaction among elementary excitations
with the environment, mainly the lattice. The knowledge
obtained from these studies are relevant to laser annealing
processes in semiconductors. The carriers created from
the absorption of a laser photon at energy #iw; (#iw; > E, ),
where E, is the band gap, are hot having a pseudotem-
perature given by* Tig}(ﬁm,—Eg)/kB. Due to carrier-
carrier scattering { =~ 104 gec) it is assumed that the elec-
tron and hole system each have the same temperature. In
our experiment, with CdSe and fiw;=2.34 €V, the carrier

pseudotemperature is ~2560 K. The primary channels

for energy relaxation of  these hot carriers are carrier-
carrier scattering, plasmon production, and phonon emis-
sion. Of these processes, all but phonon emission primari-
ly involve the redistribution of the carrier energy among
the electrons and holes with negligible amounts of energy
transferred to the lattice. Tn a semiconductor, the
optical-phonon energy is typically ~25 meV, while the
acoustical phonon energy is much smaller. Therefore, the
energy relaxation process is dominated by optical-phonon

emission as long as the carrier kinetic energy is larger -

than the optical-phonon energy.’ The rest of the kinetic
energy is dissipated as acoustical phonons. An excellent
review of these processes is given by Yoffa® and Nag®
Generally, the energy relaxation rates are carrier-density
dependent. For a hot-electron (hole) having excess kinetic
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" sible to calculate the velocities by considering

energy FE, the energy-loss rate per carrier due to collisions
with the N other electrons (holes} is given by7

dE __ 4mwNe’
dt eX2m,E)?’

where e and m, are the electron (hole) charge and effec-
tive mass, and ¢, is the bulk dielectric constant. This N-
dependent energy relazation rate causes rapid thermaliza-
tion of photogenerated carriers within =107 sec. The
plasmon frequency is dependent ‘on carrier density
(@, ~V'N ). The energy relaxation process involving LO
phonons can be effectively screened at high carrier densi-
ties and this subject will be discussed later. The first
steady-siate experimental observation of carrier heating in
CdSe was reported by Shah e al.? at an estimated photo-
generated carrier density of 2X10'® cm . Free e-% plas-
ma expansion has been observed in CdSe at 4 K by Cornet
et al® Their observation by analyzing spectra emitted
from different photoexcited regions showed that the ve-
locities are two orders of magnitude greater than the ther-
modynamic equilibrium  diffusion velocity. However,
they did not observe any plasma expansion at room tem-
perature. They reasoned that the absence of a large num-
ber of thermal phonons at low temperatures made it possi-
ble to observe this expansion only at low temperatures.
Combescot ef al.’ have calculated diffusion velocities at
T'=0 K, using a hydrodynamic model. The velocities
suggested by this model are =~ 10* cm/sec. It is also pos-
810 the pres-
sure developed when the e-# plasma density is above the
e-h ligquid density (5.4 107 cm—3). The large pressure
generated causes rapid diffusion of free carriers. The

(1)
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pressure is given by p == N{9F/dd In(n)]| 1. 4, where N is
the total number of e-k pairs, N is the carrier density, and
F is the free energy per pair. The plasma expansion has
also been observed in GaAs (Ref. 11} and in GaAs,_,P,
(Ref. 12) at 2 K. Forchel et al.?® have pointed out the sig-
nificant effect of carrier drift velocities on the transmis-
sion and emission spectra of a rapidly diffusing nonequili-
brium e-# plasma in semiconductors. These examples in-
dicate that the presence of fast diffusion and the conse-
quent reduction in carrier density can play an important
role in various energy relaxation processes.

The purpose of our research is twofold: to experimen-
tally demonstrate the rapid diffusion of photogenerated
carriers in CdSe from the photoexcitation region at both
room and low temperatures and to show the role of par-
tially scréened nonpolar optical-phonon emission in the
cooling of high-density hot carriers and in the rapid dif-
fusion of these carriers.

II. BACKGROUND

A. EBlectron-phonon interaction
and carrier temperature relaxation

It has been shown by Yoffa'* that the electron- (hole)
lattice (polar and nonpolar) interaction which results in
emission of LO phonons could be effectively screened for
carrier densities greater than the critical density N,
which is a characteristic of a particular semiconductor,

In direct-gap polar semiconductors like CdSe or GaAs the - ‘

mtravalley polar transitions are dominant in terms of
hot-carrier energy relaxation at low-carrier densities
(N <N,). A typical scattering rate™'# in this situation is
1101 eV/sec. The critical density associated with such
transitions (polar and nonpolar) is given by

'Eoﬁq3 R
gme® (Bm,) (Bm )2

In CdSe this equation can be simplified to
N,=15%x10"4T,q* )12 where q is the phonon wave
vector and B=1/kT,, where T, is the carrier tempera-
ture. In polar semiconductors, the polar electron-phonon
interaction is governed by matrix element'™'® V=~1/q.
Thus, the phonons with large ¢ do not participate much
in the interaction. Considering a parabolic conduction
band in a semiconductor, one would like to see a range of
g’s of phonons emitted during the energy relaxation pro-
cess via LO-phonon emission. The Fig. (1) shows the re-
laxation of a hot-electron via intravalley LO-phonon
emission, The minimum phonon wave vector that can
couple two conduction band states occurs when the direc-
tion of the electron wave vector is unchanged. The max-
imum wave vector is created when the electron momen-
tum direction is reversed. The values of ¢,;, and g,y are
weakly dependent on the initial electron density and can.
. be calculated from the band structure. Without screening
the created phonons are not evenly dmnbuted” between
Gmin And g, because of the inversc g’ factor in the
Frohtich interaction. The values of g, and gpn,, are cal-
culated at the point of excitation in the FE-k band-
structure diagram.

(2)

c=
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K=0

FIG. §. Parabolic band structure around &k =0 is shown with
initial energy & (¢ ==0). The phonon g vectors involved in one
LO-phonen emissi(_)n are Shown as Quin and Guax-

For a semiconductor with band gap E, and laser pho-
ton energy fio, the initial kinetic energy of electrons be-
fore thermalization is given by

iy .
E,=(fo—E,) ————, : (3)
My + 1,

where m, and m, are the effective masses of electrons
and holes, respectively. Since the electrons and holes are
assumed to be in thermal equilibrium T, =T} (e-e and e-
h scattering time =10~ sec), the initial e-h plasma tem-
perature during the laser pulse (width =5 psec) will be

Ty— )\ (hw, E,

3, ) and E; = 2kpT; . (4)

It can be easily shown that the minimum and max-
imum g values for LO-phonon energy 8 is given by

Goin=2m VP ENV? —(E; —8)12(1/%) (5)
and
Gunax — (2m WU EN 2 (B, —8) 2 1/5) (6)

for the conduction band, respectively. Similarly, values
can be obtained for the valence band. Using Eas. (4), (5},
and (6) for CdSe with the values 0.13mg, 2.34 €V, 1.71
eV, and 26 meV of the electron effective mass, excitation

laser photon energy, band gap, and LO-phonon energy,

the carrier temperature is T;=2560 K, E,; 0 32 eV,
Guin=4.6X10° em™1 and gua =~2.2X 107 em™—

From Egq. (2) the crltlcal density N, corresponding to
Guin 15 7X 10 cm™3, while the critical density corre-
sponding t0 gpay is 8X 10 em™. These values should
only be used as a guideline since the gy,, decreases with
time during the energy relaxation process and hence the
corresponding N, will decrease with time. However, it is
possible to calculate N, if the carrier temperature is ex-
perimentally known.

In order {0 calculate the density of photogenmated car-
riers produced by a laser pulse, we should first consider
the density of states'® at the point of excitation. For a
parabolic band the number of energy states per unit
volume between the interval £ and E +dE is given by

N{E)DE = ——(2m AVE )dE . M
20
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Since the laser photon spectral width and band warping
are 20 meV, dE =20 meV and E,=0.489 eV. Thus,
N(EYE =1.3x 10" cm™3, The total density of states in-
tegrated from O up to E; is 7x10” em™3. The e-e
scattering time’® 7,., is ~ 107 sec and the pulse width is
5 psec. 'The total carrier density could be as high as
6.5 10*" cm—3, if we take into account all the indirect
valleys (equivalents of X and L). Because the scattering
time out of the states being 10~ !* sec is faster than the
pump duration of 5 psec, the conduction state could be
occupied and emptied 500 times {5 1072710~ ) during
the laser pulse. Most of the zinc-blende-type semiconduc-
tors like GaAs or CdTe have indirect L and X valleys

with an indirect band gap ~E,; 0.3 eV. The local sym-

metry of the wurtzite crystal structure is very similar to
zinc blende. It is reasonable to assume the existence of in-
direct valleys. As far as the electron- (hole) phonon in-
teraction is concerned the total carrier density, irrespec-
tive of valleys, plays a role in the screening of this interac-
tion. With our range of photon fluence 7x10'%(I;)
—2%10P(5 1) photon/em?, a range of carrier densities
3% 1071 -8.5 10" ecm™? can be estimated if one uses a
reflectivity coefficient [refractive index =2.6 (Ref. 19)]
R =0.2 and an absorption coefficient™ ¢=5x10* cm™!
{for one-photon absorption) in the expression

N=(1-RMacm™. ' (8)

_ This expression does not take into account any diffusion
during the laser pulse duration nor any recombination, In
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3% 107'--8.5% 10'* cm™—
6.5 10*! em .
The phonon emission rate per carrier can be written

as14

* is below the saturation limit of

Yo

=T 9
1+(N/N P ®

vy is the unscreened phonon emission rate and incorpo-
rates the I'rélich interaction term (1/¢?) for polar interac-
tion and is independent of ¢ for nonpolar interaction. The
phonon. emission rate depends on the carrier density and
can be estimated from the delay time of band-edge
luminescence. It can be seen that the g,,;, polar phonon -
emission is completely screened for a carrier density in the.
range 3102 -8.5% 10" em® (N, ~1x10" cm3).
But a g,,, for phonon emission cannot be screened until
the carrier density reaches a value above 810" ¢cm—3,
However, the 1/g® dependence for the polar emission
probability (incorporated in v,) decreases the emission rate
by a factor of = 1370 over unscreened gq,,;, phonon emis-
sion. The net effect is that all the intravalley polar LO-
phonon emission processes are screened and cannot con-
tribute to the hot -catrier energy relaxation mechanism for
N> 10" cm™ on the picosecond time scale. The phonon
emission frequencies for polar and nonpolar interactions

- for g, and gy, are plotted with the carrier density & in

Fig. 2. The emission frequencies show a dramatic reduc-
tion for carrier densities exceeding the respective critical
densmes N,

this case the estimated carrier density range of Since. the polar phonon. emission are most likely
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FIG. 2. Phonon emission frequf:nmes for polar and nonpolar interactions and g,,, and fmax are plotted as a function of carrier
density, N_'s are the critical densities for polar and nonpolar phonon scattering.




7048

screened, the next dominant mechanism for energy relaxa-
tion of hot conduction electrons (valence holes) is due to
LO-phonon emission via nonpolar optical-phonon scatter-
ing. This process is also known as optical deformation
potential scattering.”® In the case of nonpolar interac-
tions, the optical-phonon emission does not in general de-
pend on the phonon wave vector. The nonpolar optical
matrix element has been shown'® to be almost indepen-
dent of g with a small higher-order dependence on the
wave vector of the phonon. This type of scattering is
similar to acoustical phonon scattering except that a fixed
quantum of energy fiog (or 8) (LO-phonon energy) is em-
itted for all ¢’s.

The theory developed by Yoffa* for electron optical-
phonon screening holds equally for polar and nonpolar
phonons in terms of the critical carrier-density calculation
[Eq. (2)]. Thus, nonpolar phonon emission with wave vec-
tor gmax and critical density Nc:8><10]9 em™?, would
dominate the energy relaxation process, while gy, emis-
sion is completely screened for the relevant carrier densi-
* ties (101710 cm~?) in our experiments (Fig. 2).

The average rate of change of carrier energy due to
nonpolar optical interactions for a Maxwell-Boltzmann
distribution of carriers at temperature T, is given by!®

dE \/-i Dr2(1ﬂ2)3/2 ‘ .
als Yo 2t Nk T 2 Blxgx, ), (10)
it o R (kpT, Y "Blxg,x,)., |
where
explxg—x.)—1 | x, x,
B(x():xe)g eXp(xO)—‘i 2 exp
K| =
XKy 5 |
with
JU N
07 kg T’ ¢ kT,

T, is the lattice temperature, K is a Bessel function of
the second kind [K(x, /2)=2/x, for small x,], and D" is
the conduction-band deformation potential,'®*"** Equa-
tion (10) gives 7,(¢#) and the temperature relaxation rate
of hot carriers.

B. Luminescence for high excitation

The photoexcited carriers (e-h) recombine during the

process of thermalization. The recombination photo-
luminescence is characterized by carrier temperature, car-
rier density (Fermi energy), and the band gap of the semi-
conductor. This allows us to make a reasonable estimate
of the carrier density and carrier temperature 7, by
studying either time-resolved luminescence within dif-
ferent spectral bands (streak camera) or time-resolved
spectra (with time gate). An estimate of the average car-
rier density and temperature can be obtained from a.
time-integrated spectrum within the dynamic range limit-
ed time interval (in our case, 100—800 psec to be ex-
plained later) of the detection sysiem.

In semiconductors at ultrahigh photogenerated carrier
densities, the third-order nonradiative band-to-band
Auger mechanism,* can dominate all other recombina-
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tion processes such as radiative and surface recombina-
tion, and trapping at crystal defects. The cubic depen-
dence™ on carrier density in addition to the linear term
arises from the three-body character of the Auger process,
whereby an electron recombines with a hole, and the ex-
cess energy is transferred to another electron or a hole in
the form of kinetic energy.

The equation for the time dependence of carrier density
N (t) for Auger recombination of carriers is given by?

dN (1)
dt

where C is the Auger recombination constant and 7 is the
total recombination lifetime of free carriers. For high-
density e-h plasma, luminescence intensity - Lin
~=N(OP( =[N Hence, for B'/2=C and 27'=r,
the equation (11) can be rewritten for the time dependence
of luminescence intensities as '
dL) __ pypp- L (12)
dt T
where 7' is the luminescence lifetime. The solution to Eq.
{12} is given by

:—~CN3(I)—E"7(_L), (11)

' L{0)
L= : (13)
(@) [1+L (0B Jexplt /7 ) —L{0O)B'7
The luminescence time-resolved data can provide values
of carrier density if the values of L (0)B’ are obtained

“using Eq. (13) (see Fig. 15) and if the Auger recombina-

tion constant is known [N*0)C =B'/2L(0)]. It has been
shown that the pure collision Auger process is almost
negligible in comparison with the phonon-assisted Auger
recombination over a wide temperature ( > 100 K) and for
carriers with densities =10' ecm™ on a psec scale. Tak-
eshima et al.?* have calculated the Auger recombination
coefficient C for GaAs=10""" cm~®sec™' taking into
account screening of free-carrier phonon interactions. We
have assumed C=1x 1072 cm~%sec™! at 1000 K. We
have used this value of C to estimate the carrier density.
In" direct-gap semiconductors nonmomentum conserv-
ing transitions®® can connect states having different &
directions provided the emitted phonon has a large
momentum but small energy. At high-carrier tempera-
ture 1000 K, the acoustical phonon -emission rate is
~10% eV/sec it CdSe [Eq. (40)]. Hence, considering an
apper limit for an acoustical phonon of 1 meV {and
k =107 cm 1) the corresponding phonon emission time is
of the order of 0.1 psec. During the lifetime (= 100 psec)
of a free carrier, the acoustical phonon emission is highly
probable and the luminescence spectra will correspond to
hon-k-selection transitions. In this case the luminescence
intensities will depend on the electron and hole density of
states separately., The emission arises from k rings at
fixed energics €, and ¢,. This is in contrast to the con-
ventional non-k-selection transition’® which allows for
large-carrier energies requiring integration over €,(€p).

"The large-energy phonon emission probability is small

compared to the small-energy phonon. This type of
momentum relaxed non-k-selection iransition gives us the
best theoretical fits.

In this case the emission spectrum L {¢), taking into ac-




34 PHOTOGENERATED HIGH-DENSITY ELECTRON-HOLE PLASMA . ..

count the Fermi distribution of both electrons and holes,
and the réspective density of states is given by

Lie)=A(e) eV X fexplle, —,) /ky T, 1+ 1]

X (expl(ey —pun) 7k T,]+1)) (14)

where €,, €, are the free energies of electrons and holes,
respectively, measured from the respective band edges; iz,
and py are the Fermi energies for electrons and holes
measured from the respective band edges; T, is the com-
mon temperature assigned to the e-h plasma; and € is the
photoluminescence photon energy corresponding to an €,,
€, energy pair.

The expression given above [Eq. (14)] is simplified fur-
ther using the relationships

7049

where m, and my are the effective masses for electrons
and holes. Furthermore, : ‘"

{e—FE :
Eezu , {18)
me
(e—E
G (19)
iy :

where p is the reduced mass for electron and hole and

1 1 1

—=—+—. (20)

poom, omy
Since the electton and hole density are the same
(N =n,=ny), assuming all the preferential traps (n or p
type) are screened at the high e-h plasma density, the Fer-

e=¢,+e,+E, , {15) mi energies are related by

e E H My
o= |—5 |my, (16) = | 2h

' M, -y Hp m,
e F where ., and g, are the Fermi energies for electrons and
= |—2—im,, . (17)  holes, respectively [and N = (m,pion)>/*]. Thus, L(e)

e+, can be written as
|

L(e)=Ale—E,)/{explle ~E)pu/m,—p,1/kpT, + 1]~ {explle—Egp/my —puy 1 /by T+ 1} ' (22)

By sﬁbstituting Eq. (21) into Eq. (22), the luminescence spectrum can be expressed in terms of conduction electron pa--

rameters as

Lie)=A(e—E,)/|explle—E,)u/m,—u.1/kgT,+1} ~Wexplle—E p/my —pom, /my ] /ky T, + 1} 71 (23)

The, carrier density is estimated from curve fitting using
the Fermi-level energy parameter and carrier temperature
parameter.

The carrier density is given by”

N=N.finln), 24)

where n=p, /kyT, and
N, =4.831x 10" (m, /m¢»**T}* cm=3 |

For a wide range of %> 1 it has been shown,”® within
3% error, that :

4n(3) 2

fiain)= ) 1+847;3“ , (25)
where
Finkny= [ 7 (B /g TOVUE /Ky T,)
x[14explE —n)}/kgT.]7!. (26)

Using the known values of band gap of 1.71 eV (724 nm)
at lattice temperature (300 K), the theoretical fits to the
luminescence spectra for various excitation powers were

obtained (Figs. 12 and 13). The carrier temperature and -

Fermi level are used as variable parameters. The low-
energy edge of the luminescence spectra s sensitive to the
choice of Fermi-level values, while the high-energy edge is
semsitive to the choice of temperature values. The carrier
density and T, obtained from this analysis is an average
within time interval 100—800 psec.

[
C. Hot- and high-density-carrier diffusion

The photogenerated or electrically injected carriers dif-
fuse into the bulk of a semiconductor even in the absence
of an electric field due to their thermal velocities, band
bending, and intrinsic collisions. It has been pointed out
by Yoffa er ql.?® that at high photogeneration rates the
laser energy given to the lattice within a characteristic
depth is determined primarily by carrier diffusion.

The ambipolar diffusion constant Dy is given by®

2kyT, 71,1
Dym—— 2" 27
MeTp+MyT, ‘
where 7, and 7, dre collision times and depend on carrier
and lattice temperatures. For unscreened impurity

_scattering To, 7= 7o, is about 107" sec and for hot-carrier

temperature of 2000 K, DO; =105 em®/sec. For un-
screened nonpolar optical-phonon scattering 7o, is
2x107" sec [Eq. (10)] at 7,=2000 K,
Dop ~=2100 cm?/sec. -

The continuity equation which governs the carrier den-
sity in space (x) and time (#) for the one-dimensional case
in the absence of electric fields, for low-carrier density,
and 8-function-type photoexcitation is given by?’

RN 1

yielding

aN__N

a r 0

o (28)
X

where 7 is the total lifetime of a free carrier. The solution
to the above equation is given by?’
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Nl’
(4mDot) expl—t/7—x*/4Do1)]

N (x,8)= Q9

where N'=N /o, assuming a small optical absorption
depth (a=5x 10" cm™!) and N is given by Eg. (8). Dur-
ing a typical delay time of =30 pscc observed in our ex-
periments and a lifetime of 400 psec, the reduction in the
carrier density is only by a factor of 10. In order to ex-
plain the observed (see Secs. ILA, IIB, II C, and 11D}
larger changes in the carrier density one needs a large dif-
fusion constant which is at least 100D,. Since the dif-
fusion constant depends on a particular scattering mecha-
nism via 7,, one should take into account the screening ef-
fect on that scatiering mechanism due to the presence of a
high-density e-# plasma.

The enhancement of the ambipolar diffusion constant
D, for large densities has been pointed out by Frigo
et al.® Accordingly, the carrier diffusion at low tempera-
ture is dominated by impurity scattering. By treating the
impurities as ionized centers whose Coulomb potential is
screened by the carrier plasma, an effective diffuston coef-
ficient can be determined®® by using elementary kinetic
theory and the Born approximation. For densities greater
than Mott density Ny (1x10Y7 cm™?), this approach
yields a density-dependent diffusion coefficient,*®

Dy =Do(N /Ny )%, (30)

whete Dg;=105 em?®/sec (7y; for impurity scattering
~10"1 sec and T,~2000 K) and a= 3 for ambipolar
diffusion and full-carrier screening. At high densities the
potential is more effectively screened so that the carriers
diffuse rapidly away from the surface. For the lower den-
sities the impurities become more efficient scatterers and
make the diffusion coefficient decrease with density.

At high-carrier densities, as we have seen earlier [Eq.
(9)], the LO-phonon-carrier scattering time becomes
longer, ) '

2
N

Tp=Top 1+ F (30
f4

Therefore using 7, and Eq. (27), the phonon-assisted car-
rier diffusion constant becomes

ok

D, =Dy, (32)

N,

The total diffusion constant due to impurity and phonon
scattering is given by
oo PP
' D,-+Dp
DD N /N, L1+(N/N, ]
DofAN /N 4+ Do [ 1+H(N /N, P
A plot of D, versus N is shown in Fig. 3 for Dy=105
em?/sec, Dy, =2100 em?/sec, T,=2000 K, 5, =10""
- sec, T, =2X107"% sec, N,=1x10"" em™3, and
N.=8x10" cm™>. The salient features of the plot are,

for N < 10" c¢m 7, the diffusion constant increases slow-
ly, while for N> 10'® em™3, the diffusion constant in-

(33)

MAHESH R. JUNNARKAR AND R. R. ALFANO

Ty ~2000K
Ty; ~ 107%sec

10° L Top~ 2 X 107sec
. o

o) F

DIFFUSION CONSTANT D, (cm¥sec)

o]

Ng
Ll ......T.l FENETETe |

Nep
loIT

- ‘Ilom 1020 Hiozl

N (em™®)

’ ”iols

FIG. 3. Diffusion constant obtained by considering screened
impurity and nonpolar phonon scattering of carriers is plotted
as a function of carrier density. N,, and N, are the critical den-
sities for screened impurity and nonpolar optical-phonon
scattering. The carrier temperature and unscreened values of
collision times are given in the figure. © and A represent exper-

imental values for C=1x 1072 em—%sec~! and 1x10~%

cm~®sec™!, respectively. [ represents diffusion constant ob-

tained from exciton formation data.

creases rapidly and becomes extremely large. Thus, at

very high densities the mean collision time becomes very

- large which removes the barrier for carrier expansion,

II1. SAMPLES

The samples used in this study were CdSe(l) with the
c-axis perpendicular 1o the plane and CdSe(3} with the c-
axis parallel to the plane, These samples were obtained
from Cleveland Crystals. The crystals were of high resis-
tivity and were grown by the vapor phase method and
their surfaces were chemically etched.

IV. EXPERIMENTAL METHODS

The samples CdSe(1) and CdSe(3) were chosen to see if
any difference would exist at room temperature in the e-A
recombination kinetics®® due to the participation of dif-
ferent valence bands. In the excitation process of CdSe(1},
the holes are generated in the I'y(A4) and F(B) valence
bands, In CdSe(3), due to the orientation of the ¢ axis
parallel to the excitation photon polarization, the holes are
generated only in the [';(B) valence band.

For the experiments ‘at low temperature (12 K), the
sample was mounied on a cold finger, in an optical

. Dewar, with a Si diode mounted behind it to measure the

temperature. Otherwise, the samples were mounted on a
glass plate for room-temperature experiments,
Photoexci;ed carriers were produced using a Nd:glass




mode locked® laser. A single pulse of 1060-nm wave-
length was selected using a spark gap and Pockel cell.
The pulse width was about 5—6 psec. The pulse selected™
 at the 1060-nm wavelength was frequency doubled to 530
nm for one-photon excitation experiments. For two-
photont excitation, the 1060-nm wavelength was selected.
The pulse intensity was attenuated using calibrated neu-
tral density filters. The maximum energy per pulse at 530
nm was 400 pJ with an excitation spot size of 1.35 mm
diameter (photon fluence =7 10'S photons/cm?®). The
maximum energy per pulse at 1060 nm was 1200 uJ with
an excifation. spot size of 1.9 mm diameter {photon flu-
ence =23 10" photons/¢m?}, ‘

For the time-resolved luminescence study, the Iumines-
cence was collected, collimated, and focused onto a 50-um
slit of a streak camera. The luminescence was selected in
broadbands with combinations of filters. (HOYA R68
passes 680—720 nm and the HOYA R65-DITRIC
SHP680 combination passes 640—680-nm wavelengths).
A prepulse was set (530 nm original pulse) by using a

beam splitter, which would arrive at the streak camera |

about 110 psec prior to the beginning of luminescence.
This was done in order to measure the delay times of the
luminescence accurately. The total delay between the
peak of the time-resolved lnuminescence and the excitation
pulse was calculated taking into account the optical path

length added to the excitation and to the luminescence -

path by the various combination of filters. The prepulse
was also used as a marker for overlapping various data
files for averaging. The data was stored in a Digital 11-03
computer and analyzed later. _

The time-integrated spectra was obtained using a + me-
ter Spex spectrometer coupled to a vidicon intensified tar-
get (PAR OMA. 1), The grating used had 300
grooves/mm blazed at 500 nm. The spectral resolution of
the system was 30 A. The spectra obtained were corrected
for 8-20 spectral response, pixel response, thermal back-
ground, and grating blaze, using the 1216 console (PAR
OMA II) microprocessor of the system. The corrected
data were then .stored and transferred to a Digital 11-03
computer for analysis. '

The time-integrated spatial profiles of the laser pulse
and luminescence were obtained using a streak camera in
the focus mode with input slit removed. Each channel of
the video system was calibrated (mm versus channel num-
ber) by using an illuminated scale at the sample site.

Bxcitation laser intensities at 530 nm transmitted
through neutral-density filters OND, ND25, ND13, and
ND3 filters correspond to excitation photon fluences Iy ,
%IF, %IF, and 3—131;:, respectively, where Ip=7x10'
photons/cm?.  For the 1060-nm excitation wavelength,
the transmission of ND25 is only 10%.

V. EXPERIMENTAL RESULTS

The rise times and decay times for the band-edge
luminescence (710 nm) were measured for both samples as
a function of excitation fluence at room temperature. The
formation time of the excitonic state at 12 K and time-
integrated spectra were measured in order to get an esti-
mate of the photogenerated carrier density as a function
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of excitation photon fluence. The spatial widths of the
710-nm luminescence were measured as a function of pho-
ton fluence to investigate transverse diffusion of carriers
from the photoexcited region. These various experimental
results are summarized in the following sections. .

A. Delay- and decay-time measurements

The time-resolved luminescence at various excitation
fluences from CdSe(1) and CdSe(3) are displayed in Figs.
4 and 5, respectively. These curves typically show a laser
prepulse and luminescence rising rapidly (=20 psec) and
decaying slowly ( =230 psec) in time. The rise times [Fig,.
4, curves (b)—(e)] were obtained using using the expres-
sion '

Lit)=A[exp{—t/7")—exp{ —t/.)], (34)
where 7' and 7, are the decay and rise times for the time-
resolved luminescence, respectively. In Fig. 4 curve (a)
corresponds to the zero time, as it only shows the laser
pulse (330 nm) scattered from the sample. The rise times
measured for curves (b)—{e) corresponding to CdSe(1) are
20, 17, 16, and 13 psec, respectively. For the entire range
of excitation fluence the decay times for 710-nm lumines-

Cdse{l} RT
{a)

S & ) Exc -5630nm
: Lum~7I10 nm

{b)
Exc OND

Exc ND.25

INTENSITY {Arb. Unit)

Exc NDI3

e} Exc ND3

00 200 300 400 500 600
TIVE (psec)
F1G. 4. Time-resolved band-edge photoluminescence at 710
nm from CdSe(1) for various excitation fluences is shown. The

" decay time for all-the curves is 230 psec. The rise times for

various curves are (b) 20 psec, (¢) 17 psec, (d) 16 psec, and (e)
13 psec, respectively. The curve (a) corresponds to the laser
pulse scattered from the sample to provide time zero for accu-
rate determination of delay times [see Eq. (34) for fits].
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FIG. 5. Time-resolved band-edge photoluminescence at 710
nm from CdSe(3) for various excitation fluences is shown. The
rise times for various.curves are as follows: (b) 18 psec, (c)19
psec, (d) 17 psec, and (e) 15 psec, respectively. Curve (a}

represents the laser pulse scattered from the sample to provide

zero time for accurate determination of delays. The decay times
were used only for convenience to obtain the rise times and have
no physical significance [see Eq. (34) for fits]. _ .

cence is =230 psec. The delay times of the band-edge
luminescence (710 nm) for CdSe(1), under a range of pho-
ton fluence (I to +yIp), decreases from 46 to 27 psec.
The total delay times and fluences are displayed in Table
I. The delay times are corrected for the optical delay due
to various filters in the path.

In Fig. 5 the rise times measured for curves (b)—(e)
corresponding to CdSe(3} are 18, 19, 17, and 15 psec,
respectively. In this case, the theoretical fitting is poor
since the luminescence is assumed to be monomolecular in
the extraction even though there is clearly a fast (35 psec)
and a slow (230 psec) component. This behavior was seen
for excitation polarizations both parallel and perpendicu-
lar to the ¢ axis (accessible by rotating the sample about
the excitation axis and keeping the ¢ axis within the same

plane). The rise and delay times observed for CdSe(3) are

© similar to the one observed in CdSe(1) (see Table I. The
rise times are of the order of =20 psec while the delays
are =33 psec. : '

The luminescence maximum [ dL (#}/dt =0} occurs at a
time Az’ measured with respect to the arrival of the exci-
tation pulse at the sample and is given by

SRR S 'R i (35)
11 T

!

At'=

T T
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TABLE 1. Delays between the luminescence maximum and
the excitation pulse at the samples are shown for CdSell) and
CdSe(3) for various excitation fluences. These delays are
corrected for the optical delays introduced by excitation and
luminescence path filters. '

CdSell) CdSe(3)
Excitation Delay Excitation Delay
intensity (psec} intensity (psec)
I 46 Ig 50
- +lF 34 Lip 12
I 38 1Ip 35
+1r 27 =1y 35

For typical values of 7,—20 psec and =230 psec,
At'=53 psec. It is easy to measure At experimentaily
with high accuracy. The values of 7, obtained by curve
fitting are sensitive to the fittings at large times, the start-
ing point, and shape. Therefore, the delay times are a
good measure of the average energy relaxation time At
(L () =[N (O} and the luminescence maximum corre-
sponds to the maximum carrier density N (Atf) as
Af—Atr') and should be taken as the average energy relax-
ation time measured experimentally.

B. Measurement of carrier temperature decay

In’ order to measutre carrier temperatures at different
time intervals, the hot luminescence decay profiles (660
nm) and band-edge luminescence decay profiles (710 nm)
were obtained at various excitation fluences in CdSe{1)
(Figs. 6 and 7) and in CdSe(3) {Figs. 8, 9, 10, and 11). The
hot luminescence lifetimes are shorter than the band-edge
luminescence which indicates rapid temperature changes
at earlier times.

The method used to calculate the temperatures at dif-
ferent time intervals is described as. follows. For a
Maxwell-Boltzmann distribution of the photogenerated
carriers one can evaluate the hot-carrier-energy relaxation
rate from the ratio of hot luminescence to band-edge
luminescence intensities as a function of time. The in-
verse carrier temperature T, at time ¢ after the excitation
pulse is given by *»

kg
Ehot *EBE

Rt
R(fj)-

1
T’

(36)

T(1)

where Ey, and Egp are the hot and band-edge lumines-
cence photon energies. [In our case, they correspond to
660 nm {1.875 eV) and 710 nm (1.743 V), respectively];
T, is measured from the time-integrated spectra and cor-
responds to the lattice temperature within 100—700 psec;
R{r) is the ratio of intensities of hot and band-edge

. luminescence at time #; R (f;) is the corresponding ratio

when the temperature 77 is reached after 200 psec. Mea-
surements of 7} are discussed in Sec. V C.

In Figs. 6 and 7, (@) shows the hot {660 nm), while the
curve (#) shows the band-edge (710 nm) luminescence de-
cay profiles for CdSe(1). The excitation and luminescence
polarizations are perpendicular fo the ¢ axis. The tem-
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FIG. 6. Curves {(a) and (&) represent hot (660 nm) and
band-edge (710 nm) luminescence from CdSe(1) ai photon flu-

ence fr. The temperature decay profile is calculated using Eq.
(36).

peratures at 20-psec intervals [Fig. 6(c)] were obtained by
a method described earlier. For the maximum excitation
(Ir) the initial temperature of =2200 K goes down to
1200 K within =35 psec (1/e time). For weak excitation
(574}, the cooling rate is smaller (1/e time =100 psec)
and the initial temperature is ~700 K (Fig. 7).

For CdSe(3), the temperature cooling times are smaller
(rates are larger) for comparable excitation fluences as
' compared to CdSe(1). In Figs. 8, 9, 10, and 11, curve (a)
correspond to hot luminescence decay profiles for excita-
tion fluences Iy, +1p, +1r, and 515, respectively. Curve

(b) corresponds io band-edge luminescence for the same

range of photon excitation fluence. The corresponding
curves for temperatures versus time in psec are shown in
Figs. 3(c), 9(c), 10(c), and 11{c), respectively. The initial
temperatures obtained for photon fluences Ir, +Ip, +1p,
and %IF, are 2200, 1800, 1800, and 1300 K, respectively.
The temperature decay times are 30, 35, 35, and 60 psec,
respectively. The excitation polarization in-this case was
parallel to the ¢ axis, while the luminescence polarization
was both parallel and perpendicular to the ¢ axis. All the

initial temperatures obtained correspond to times given in
Table L.

C. Measurement of time-integrated spectra

The time-integrated spectra for CdSe(l) obtained at
room temperature are shown in Fig. 12 for various photon
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“FIG. 7. Curves (a) and (b) represent hot (660 nm) and
band-edge (710 nm) luminescence from CdSe(l} at photon flu-
ence %I p. The temperature decay profile is caleulated using

Eq. (36).

fluences. The luminescence shows a high-energy tail and
an almost cutoff at low-energy side. These measurements
were made to obtain an average Fermi energy {hence car-
rier density) for a given excitation fluence. The carrier
density is calculated to be =5 10'® cm™? for the photon
excitation fluence range Iy to — Iy (Table IT). The carrier
temperature range for the time duration of 100—800 psec
is estimated to be 600—400 K for the respective excitation
fluences. .

Similar results were obtained for CdSe(3) (see Fig. 13).
The carrier density in this case is =~7.5x10"® ¢m—3 and
the temperature range for the time duration (100—800
psec) is 800500 K for the excitation fluence range
Tp—-=-Tp (Table 11},

D, Measurement of exciton formation time

The free e-h plasma time resolved band-edge photo-
luminescence from CdSe(3) at 12 K is displayed in Fig.

. 16, curve {a). The luminescence is delayed from the exci-

tation pulse by =20 psec at most. The lifetime corre-
sponding to the decay (1/¢) is =120 psec. In Fig. 16
curve (&) corresponds to excitonic luminescence (see dis-
cassion in Sec. VHIC) at the lowest two-photon excitation
fluence. The peak of the luminescence matches with the
peak of the free e-h luminescence peak in curve (a) of
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FIG. 8. Curves (a) and (b) represent hot (660 nm) and
band-edge (710 nm) luminescence from CdSe(3) at photon flu-
ence Ip. The temperature decay profile is obtained from Eg.
(36).

Fig. 16. The exciton peak, however, shifts to larger times
with excitation [Fig. 16, curves (b)—(d)] and for the max-
imum two-photon excitation it is delayed by 185 psec
[Fig. 16, curve (d)). The free e-h plasma luminescence
cannot be observed due to the low quantum yield (lower
by a factor of 250). A check for stimulated emission, by
studying the luminescence intensity versus excitation fin-
ence, confirmed its absence.

E. Measurement of luminescence spatial profiles

In order to examine the existence of transverse dif-
" fusion of carriers, the luminescence spatial profiles at the
samples (luminescence spot diameter) were measured.
The laser spatial profile of a 530-nm pulse at the sample
site is shown by curve (a) of Fig. 17 with FWHM of 1.35
mm. The band-edge luminescence profile at the sample is
about 2.19 mm wide (FWHM) for an excitation fluence of

— I [Fig. 17, curve (b)] while for larger excitation at Iy -

the spot profile is still larger ~3.14 mm [Fig. 17, curve
(¢)). The profiles observed were time integrated over-a
time period of 1 nsec (dynamic range Timited time) on a
streak camera in the focus mode.

vI. DISCUSSION

In this section the delay times and the decay times will
be analyzed to obtain the energy relaxation rates.” The
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FIG. 9. Curves (a) and (b) correspond to hot (660 nm) and

"bahd-edge (710 nm) jumincscence from CdSe(3) at a photon flu-

ence %I p. The temperature decay profile is obtained from Eq.

* (36) as shown in the figure.

decay kinetics will be analyzed in terms of Auger recom-
pination™3! to estimate the catrier density. The titne-
integrated spectra is analyzed in terms of non- k-selection
allowed recomibination 1o estimate the carrier density.
The excitonic formation time is investigated in terms of
the Mot criterion?®?? and fast diffusion. The spatial pro-
file broadening of the lyminescence was interpreted in
terms of fast diffusion. All the experiments at room tem-
perature indicate that the maximum attainable density at
the maximum of time-resolved luminescence is <2X 10"
cm™? which will be discussed in detail in this section.

VII. HOT-CARRIER ENERGY RELAXATION

The measured delay times are related to the screening
of eléctron-phonon interactions. As we have discussed
previously, the initial carrier temperature with our experi-
mental condition (sample CdSe and #iw=2.34 eV) at 1 =0
is 2560 K. This will be true irrespective of excitation flu-
ences. The temperature of these photogenerated carriers
reduces in time due to LO-phonon emission. The tem-
perature measured at the peak of the luminescence corre-
sponds to the.net cooling that occurs during the delay
time of the luminescence. Since the cooling rate is a func-
tion of the carrier density produced at =0, the delay
times are different at different excitation fluences. We at-
(ribute the large delay time at high-excitation fluence to
the reduction of LO-phonon scattering via screening. As
it is difficult to estimate the carrier density during the de-
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FIG. 10. Curves {a) and (b) correspond to hot (660 nm} and
band-edge (710 nm) luminescence from CdSe(3) at photon flu-
ence %I r. The temperature decay profile is obtained from Eq.

(36).

lay time due to fast diffusion of carriers, we use the delay
time and the observed temperature at the peak of lumines-
cence to estimate the average carrier density during the
delay time.

The energy relaxation rate can be obtained from the
temperature decay profile for times greater than the delay
time for a given excitation fluence. This observed rate is

" compared with the theoretical rate. The difference if any

is explained in terms. of screening of the electron-phonon
interaction by taking into account the carrier density {(at
time At) obtained using the Auger recombination kinetics
and the critical density N, at the temperature under con-
sideration.

A. Screening of electron-phonon interaction and delay time

As. a next step using energy-loss rate Eq. (1
theoretical values of Af (delay time) will be calculated as
follows. Tor T,_2560 K (t=0), Ty=~300 K,
D'=0.6x10° eV/em, p=5.86 gm/cm’, =26 MeV, and
m,=0.13m,, we calculate

aE 4. 3% 10 eV /sec at =0 .
dt ‘
After 42 psec [CdSe(1) Table 1], for maximum excilation
fluence, the carrier temperature T, is =2100 K [see Fig.
{c)]. Hence, the energy relaxation rate is

dE

ar =1.2X 10'%eV /sec (at t =46 psec)

0), the

N
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FIG. 11. Curves (a) and (b) represent hot (660 nm)} and

band—edge (710 nm) luminescence from CdSe(3) at a photon flu-
ence 33 s74r. The temperature decay profile is obtained from Eq.

(36).

The average rate (dE /dt ) during the luminescence de-
lay time of 46 psec is ~1.25x 10'0 ¢V/sec. The total en-
ergy lost as the electrons cool from 2560—2100 K is 0.06
eV. With the average rate 1.2510' ¢V /sec, the calcu-
lated electron {or luminescence) delay time At is 5 psec.
This does not agree with the observed Ar of 46+5 psec
(Table I). The difference between Ar’s we atiribute to the
screening of electron-phonon interaction since we have
used the unscreened (larger) value to determine the aver-
age rate. Using Eq {10) an eightfold decrease is observed
in phonon ermssmn rate, giving N/N,=V'7. This corre-
sponds to an average carrier dens1ty within 46 psec of
2 107" ;::rn_3 instead of 3 10*! em~3 obtained using Eq.
(8). For —Ip excitation, the carrier temperature after 27
psec {CdSe(l), Table I, and Fig. 7(c)] is 700 K. The corre-
sponding (dE /dt) is 1.1 10'% eV /sec and the calculated
At is 21 psec compared to observed At of 27 psec. The
carrier density obtained during 27 psec corresponds to
4>¢10" em—? [Eq. (10) and 1.3-fold reduction in phonon
emission rate] instead of 8.5 10" em™? [Eq. (8)].

These results clearly show the existence of screening of
the electron-phonon interaction during the delay time of
luminescence for high-excitation fluence f and excitation
fluence-dependent fast diffusion of carriers.

The results are similar for CdSe(3) except that the delay
times (Table I) and the temperatures [Figs. 8(c), 9(c), 10(c),
and 11(c)] at time (AT} are consistently larger for the
comparable excitation fluences. This indicates more
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FIG. 12. Time-integrated photoluminescence spectra ob-
tained for various excitation fluences (at 530 nm) in CdSe{l) are
shown. The excitation fluence, carrier temperature T,, and car-
rier density N are indicated in the figures and were obtained by
curve fitting [Eq. (23] for the parameters listed in the text.

* screening in CdSe(3) than in CdSe(1). This is related and
consistent with the observed (discussed in Sec. VILC)
smaller “fast diffusion” in CdSe(3), making the average
carrier density during Az larger as compared to that in
CdSe{1).

In our experiments
ple is ~1.35 mm,
~0.5um. Thus, the longitudinal diffusion of carriers info
the surface of the sample controls the carrier density in
the photoexcited region due to masimum volume change
along the excitation divection (longitudinal). In CdSe(l)
the ¢ axis is coincident with the longitudinat direction,
while in CdSe(3) the ¢ axis is perpendicular to the longitu-
dinal direction, The latter constant along the ¢ axis and
perpendicular to the ¢ axis are =7 and 4 A, respectively,

the excitation spot size at the sam-

TABLE 11. Carrier temperatures” and carrier densities ob-
tained from theoretical fittings to the experimentally observed
spectra are shown for CdSe(1) at various excitation fluences.
spectraare s~

Excitation Carrier Carrier
intensity | density temperature
(photons/cm?) N ofem™) Te ()
Ir 6.0x 10" 600
+Ir 7.2%10% 550
=1y 4.6x10" 400

while the optical-absorption length is-
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_tained for various excitation fluences
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FIG. 13. Time-integrated photoluminescence specira ob-
{at 530 nm} in CdSe(3) are
shown. The excitation fluence, cagrier temperature T, and car-
rier density N are indicated in the figures. The continuous lines

are theoretical fits [Eq. (23}].

making the mean collision time (unscreened) larger in the
previous case as compared to the latter. This fact qualita-
tively explains the larger diffusion constant in CdSe(l)
making a smaller N (At) (by a factor of 2} compared to
CdSe(3).

B. Screening of electron-phonon interaction
and temperature decay time

The temperature (or energy) relaxation rate obtained
from Fig. 6(c) is 0.3 10" eV /sec, while the raic calculat-
ed using Eq. (10) is 0.9 10'® eV/sec at 1700 K. This
difference is due to the screening of the electron-phonon
interaction. For carriers having a temperature of 1700 K
[average temperature during 35 psec on the decay profile
Fig. 6(c) or E;~0.21 eV], one calculates, using Egs. (6)

TABLE 111 Carrier temperatures and carrier densities ob-
tained from theoretical fittings to the experimentally observed
spectra are shown for CdSel(3) at various excitation fluences.

Excitation Carrier Carrier
intensity density femperature
(photons/cm?) N {em™) Te (K)
Ir 8.6 10 800
+Ir 7.5 10" 600
+Ir 4.6 10" 500




and (3), the critical density N, to be 210! cm™*, The
experimentally determined carrier density at the peak of
the luminescence (Table I} is 23X 10]9 em™* At this densi-
ty the phonon emission rate will be reduced by a factor of
2, L.e, 0.45% 10 ¢V/sec. This value is close to the ob-
served value of 0.3 % 10'% eV /sec.

The temperature decay data [Fig. 7(c)] obtained for
<1y excitation cannot be analyzed in terms of Eq. (10) as
the carriers are cooled to the lattice temperature (=400
K) and the LO-phonon emission process is no longer effi-
cient. The data [Figs. 8(c), 9(c), 10(c), and 11(c}] obtained
for CdSe(3) also shows screening over the entire range of
excitation fluences. This again indicates that the carrier
densities are higher in CdSe(3) than in CdSe(l) due to
“less™ fast diffusion as compared to CdSe(1).

The possibility of reduction in the cooling rate of hot
photoexcited carriers due to phonon reabsorption can be
eliminated on the following grounds. If we assume a typi-
cal Debye heat capacitance,” ie, 25 Jmol 'K ' for
T'> @, where 0, is the Debye temperature (for CdSe=315
K), then for the maximum energy deposited of 400
uJ/pulse, we obtain a maximum lattice temperature rise
of 150 K assuming a gquantum efficiency of 109 (radia-
tive lifetime ~2 nsec and observed lifetime of, =200
psec). In the above estimate, we assume that the phonons
remain within the initial absorption depth ~10~* cm.
This is an overestimate as the phonon lifetime of =35 psec
has not been taken into account. Thus, carrier heating
due to phenon absorption by the carriers is a negligible ef-
fect making the phonon bottleneck mechanism inefficient.

C. Estimates of effective diffusion constant

The measured delay times and carrier densities {using
Auger kinetics) can be used to estimate an effective dif-
fusion constant D, at different average photogenerated
carrier densities during the delay times. The effective D,
.is given by :
2

N
alN(Atr)

I
47 Af

Lt ™

) {37

where & is given by Eq. (8) and N(A#) is obtained from
the Auger analysis which is listed in Table IV for various
excitation fluences, The values of Af are listed in Table T
[CdSe(3)]. Thus, neglecting carrier recombination, the ef-
fective values of D, obtained at the surface (x =0) are
C2.2x10% 2 10%, 5x10% and 60 cm’/sec for Iy, +Ip,

TABLE IV. Auger recombination fates and carrier densities
are obtained from fittings to the time-resolved luminescence
[Eq. (13)] at various excitation fluences.

Excitation Carrier
intensity Auger rate density
(photons/cm) {sec™!) N {em™?) -
Iy 4.5%10° 2 10"
iy 2.5% 10° 1.6 101
+1r 2.5% 107 1.5 10"
+1r 15x10° 12x 10"
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+1p, and +;Ip excitation fluences, respectively. Since
N(At) depends on the Auger recombination constant C
[N(A=1/V'C]} the effective D, will depend on the
choice of C. We have shown data of D,  for two values

of Cin Fig. 3. It is difficult to estimate C as the carrier
temperature varies rapidly during Af [Fig. 6(c)]. Howev-
er, the data shois the same dependence for a large range
of D, at high-carrier densities.

VIII. DIRECT EXPERIMENTAL EVIDENCES
FOR FAST DIFFUSION

A. Time-integrated spectra

From this study we were able to estimate directly aver-
age photogenerated carrier density and temperature at dif-
ferent excitation fluences. The moderate change in the es-
timated carrier density is due to rapid reduction in the
carrier density within the thermalization period. At a
maximum excitation intensity of 710" photons/cm?,
the theoretical fit to the time-integrated luminescence
spectra is not good [Fig. 12(a)]. The reason is because the
temperature decay profile has two components at these
high excitation fluences [see Fig. 6(c) for CdSe(1) and 6(c)
for CdSe(3)]. Due to screening of the electron-phonon in-
teraction, the high-energy side of the time-integrated spec-
tra shows two components corresponding to these two
temperature regimes. But for lower excitation intensities
‘there is an excellent agreement between the theoretical fit
and data for the parameters shown in Figs. 12(b) and
12(c). It should be noted that the average electron tem-
perature and the carrier density obtained are slightly
larger for higher excitation power (see Table II).

For CdSe(3), the observed temperatures and carrier den-
sities are higher than observed in CdSe{l) for the compar-
able excitation powers (see Table III). Since the dynamic
range of sensitivity for our vidicon detection is from the
maximum fluence I to the minimum </ excitation and
since the photoluminescence lifetime (1/¢) is 230 psec,
the integrated photoluminescence spectra obtained is an
average ovér a maximum time duration of about 800 psec
for full intensity and 500 psec for 41y excitation. The
time-resolved photoluminescence study shows that the
hot-carrier cooling occurs within 100 psec. Therefore, we
can assume the carriers remain at a constant hot tempera-
ture for the next 100—800 psec. Thus the temperature ob-
tained from the theoretical fit of the time-integrated pho-
toluminescence is a good indicator of the average hot-
carrier temperature.

The entire photoexcitation fluence range Ip to +Ip
covered in the experiment has only a moderate effect on
the final carrier temperature and average Fermi energy
(average carrier density). This observation strongly sug-
gests longitudinal (bulk) fast diffusion of carriers away
from the surface and from the photoexcited region. The
reasons, why the longitudinal and not the transverse
(within the surface irrespective of c-axis orientation) dif-
fusion affects the carrier density, were discussed earlier.
The carrier densities observed in CdSe(l) are less than the
ones observed in CdSe(3), The only difference in the ex-
perimental condition between these samples is that the
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longitudinal diffusion occurs along the ¢ axis in CdSe(1)
while, it is perpendicular to the ¢ axis in CdSe(3). This
difference in the carrier densities suggests that diffusion
along the ¢ axis is larger than along the perpendicular
direction by a factor of 1:3.

The carrier densities measured by the time-integrated
spectra experiment are the average densities (over =500
psec). Hence, if we correct them for the luminescence de-
cay time of 230 psec, the carrier densities at the peak of
the luminescence are 4.4 10", 5.3 10, and 3.4 10"
cm™> for Ip, +If, and I excitation fluences, respec-
tively. Similarly in CdSe(3) the initial carrier densities
(maximum of luminescence) are 6.3 10', 5.5x 10", and
3.4% 10" em™=? for Iy, 1, and +1; excitation fluences,
respectively. These values of carrier densities are quite
consistent with the ones obtained in Sec. VIIIB.

B. Auger recombination of carriers

The time-resolved band-edge (710 nm) luminescence
from CdSe(3) displays (Fig. 14) a fast component of =35
psec (r;) and a slow component of 230 psec () which
was fitted by

L{)=A exp( —t /7)) + Agexp(—1/73) (38)

for t in psec. Such a double exponential analysis does not
carry any physical meaning. We have analyzed the data

cdSe (3} RT
Exc —530nm
Lum - 710nm

Exc OND
Ja) T,~ 35 psec

X T,~230psec

A /Ag 045

s b g ND25

P X

L : _ A/Am054

~ X2 g Sl 2

| :

E

W

[ T TR

2 — )

Sl . . Exc NDI3

- ; 2. A/BF00T5
[ X2 - -

() Exc ND3
Tl A/A2=0003

xX48 -

v Tt 1 1 1 1 L L
100 200 300 400 500
TIME {psec)

FIG. 14. Time-resolved photoluminescence at 710 nm ob-
tained from CdSe(3) at various photon {luences are shown. The
continuous lines are double exponential fits [Eq. (38}] with time
constants 35 and 230 psec. The ratios 4,/4; for the curves
(@), (), (¢), and (4} are as shown in the figure.
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with Eq. {38) just to rule out a possibility of intervalence-
band transition and relate the intensity dependence of
Ay/A4; to Auger recombination [Eq. (13) and Fig. 15].
'1]“he ratio 4A1/A2 for excitation intensities of 4Ip, Ip,
1, and <3 Iy are 0.45, 0.54, 0.075, and 0.003, respective-
1y. o :

In this experiment the excitation photon polarization

. was set parallel (£]|C) to the ¢ axis. The photolumines-

cence collected was not discriminated for polarization ner
for the terminal valence-band states T’y and I'; due to the
choice of the broad-band filter (R70) in front of the streak
camera. In this geometry the holes are created only in the
B valence band at ¢ =0. The fast component observed
could arise from either to a fast scattering (say, 35 psec}
from T'; (B valence) band to Ty { 4 valence) band or due
to the Auger recombination” of carriers. '

The possibility of hole scattering (I'y—T'7) is excluded
for the five following reasons.

(i) The initial (1 =0) energy E of holes in B valence
band is given by

P : m, .
El' :(ﬁml—Eg)T’_ » {39)
: My +nt,
where mf=mq is the effective mass of B (I'7} holes,
m,=0.13mg, and EF=E/10.026=1736 eV (A,
—=0.026 eV). Thus, for 2.34-eV one-photon excitation
(530 nm) EP is 70 meV. The total scattering of holes
from B valence to A valence band is due to nonpolar LO-
phonon emission and to acoustical phonon emission.
CdSe (3) RT

Ex¢c —530nm
Lum - 710nm

Exc OND

T' ~ 230psec
~ Aug.Rec. Rate )
L 4 5x10 se¢”

2, (B Exc ND25
™ T'~ 230psec
Aug.Rec. Rate 4
ca, 25 X% 10 sec

Exc NDI3
T'~ 230 psec
Aug .Rec.Rate .~
. 2.5X10'sec

INTENSITY {Arb. Unit)

El

i . Exc ND3

L M (d) T'~230 psec
: T TR Aug. Rec. Rate

Yo 1.5XI07ses

W

400 5C0

100 200 300
TIME {psec)
~ FIG. 15. Experimental data obtained under similar experi-
mental conditions as that of Fig. 14 but with a maximum excita-
tion fluence of 4I;. The continuous lines are fits to Eq. (13)
with recombination rates shown in the figure using

C=1x10""cm %sec\.




phonon emission and to acoustical phonon emission.
The acoustical phonon scattering rate is given by'®

Eim(3) T
E_ /e b 1- 22 |, wo)
dt ﬁ f4 [
where E;=5.7 €V is the acoustical deformation poten-

tial.'%2! For m =mf, T,=300 K, and 7, =1}, =2000 K,

the estimated value is

( dE
dt

Therefore, the total scattering time for emitting 100-meV

) 2.1% 109 eV /sec .

energy from I';— Ty will occur in =1 psec. This is con-

trary to the observed decay time of 35 psec.

One should note that Yoshida et al.” had observed a
scattering time of 35 psec for I'3(B)—T'(A) hole scatter-
ing at 4 K. The carrier density in their experiment was
=~3% 10" ¢cm? and the carrier temperature 7, was low
=30 K. If one takes into account these facts, this should
explain their measured scattering time of 35 psec within
the framework of nonpolar LO- and acoustical phonon
emission given above.

(ii) The B valence-band holes are scattered into the A4
valence band. Since the luminescence of B and A valence
bands are observed simultaneously there should not be an
added fast component to the luminescence decay.

(iii) The ratio of density of states of A valence and B
valence is given by

N,

Ng

41
iy EF (41)

3/2
oy EiA }

'Smce my and mp are 0.45my, and my, respectlvely, and

E =140 meV and E =70 meV; therefore

4 035 ' (42)

Hence, the obsgrved 4,/A, ratio should be =~ > | com-

pared to the observed ratio of << 1 (see Fig, 14). -

(iv) The observed time-resolved photoluminescence ki-
netics is intensity dependent.

{v} For CdSe(3), if the excitation photon polarization is
perpendicular to the ¢ axis (the ¢ axis is still in the plane)
the same kinetics is observed. This is the most important
observation since in this geometry of excitation both A
and B bands are pumped and the scattering from B to A4
would be diminished. However, no fast component is ob-
served in CdSe(1) for the same excitation polarization (the
¢ axis is perpendicular to the plane). These observations
together support the strong Auger recombination® in
CdSe(3) due to the presence of high-carrier density (less
diffusion) after the thermalization time of =30 psec.

After excluding the above five possibilities, the Auger
recombination® is considered to be responsible to the fast
decay [Eqs. (11}, (12), and (13)].

The time-resolved luminescence at various pump inten-
sities [Fig. 15] were analyzed using Eqg. (13} and
C=1x10"" cm~¥sec™!. In CdSe(l1), we do not see the
Auger recombination component {absence of fast com-
ponent in Fig. 4, even for the maximum photon fluence
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Iy, This suggests that the fast component is longer than
the 460 psec (or rate < 110 sec™"), the monomolecular
lifetime of carriers. 'This indicates that for the whole ex-
citation fluence range I'r to 3'3—1 r the carrier densities gen-
erated are less than 1x 10" cm~3, On the contrary, in
CdSe(3), the observed Auger recombination (Fig. 15 fast
component) indicates. carrier densities > 1.0 10" ¢m—3
(Table 1IV) but <2.0x 10" ecm™3. The longitudinal fast
diffusion, within 35 psec, away from the photoexcited sur-
face could limit the initial carrier density in our experi-

-ment due fo limited time resolution. In CdSe(l), the ¢

axis is perpendicular to the surface and in CdSe(3), the ¢
axis lies in the surface. Hence, we can conclude that the
fast diffusion along the ¢ axis is greater than that along
the perpendicular direction by a factor of 2.

C. FExciton formation from dense e-k plasma

The exciton formation from a dense free e- plasma
occurs when the plasma density becomes equal or to less
than the Mott density.”®** This can be used to estimate
the initial free e-h plasma density.

The laser pulse, having a photon energy greater than
the band gap, first creates a free-electron hole pair which
thermalizes and finally dissipates the excess energy to the
lattice through LO- and acoustical phonon emission.
During the energy relaxation process, reduction in the car-
rier density occurs due to recombination and plasma ex-

‘pansion. Exciton formation occurs as a result of the

Coulomb interaction between electrons and holes provided

that the e-# plasma density is sufficiently low and lattice

thermal energy is less than the exciton binding energy.
The criterion for this Mott transition which separates

‘the conducting plasma state and the “insulating” excitonic

state is that the carrier density should not be able to
screen the Coulomb interaction between the e- h pair. The
Mott criterion®®? is written as

N a, =02, (43)

where a, is the Bohr radius for an exciton and N,, is the
number density of the e-# plasma. For CdSe, with
a, ~40 A, this yields a Mott density of N, =1x10"
cm ™3,

When the iaser pulse photogenerates a carrier density
N >N, there is a time delay between the onset of exciton
formation and the laser pulse. For the entire (intensity
detection limited) one-photon excitation fluence range, the
photogenerated carrier density N »>N,,. In order to over-
come this difficulty two-photon excitation was used. This,
method yielded a larger photoluminescence even though
the carrier density was low. This is due to the larger
penetration depth which reduces surface recombination
compared to one-photon excitation.

The carrier density for two-photon absorption was cal-

. culated as follows:*

df (z) _

4z —la+pIz

Mz}, : (44)

where I(z) is the intensity of the laser in the sample at
depth z measured from the incident surface, ¢ is the one-
photon absorption coefficient (o =0.18 cm~!) at 1060 nm
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and f is the two-photon absorption coefficient B==0.03
cm/MW) at 1060 nm. For the laser power > 1 GW/cm?
(pulse), the one-photon absorption at 1060 nm (Nd:glass-
laser fundamental wavelength) could be neglected in com-
parison to two-photon absorption.

reduces to
1 1
—— = , {45)
o~ 1 T

where I, is the incident intensity at the surface (z =0).
The reduction in intensity A =g —1I)is

Bals
By
Ags the luminescence observed emerges from a crystal
depth of =1 pm (due 10 reabsorption  near band gap), we
can conclude the average cartier density within 1 pm of

the surface assuming Af is converted into e-h plasma.
For the maximum I of 7 GW/cm?,

AT {46)

AT =144 MW /cm? .

For a pulse duration of 5 psec the maximum carrier densi-
ty produced is 2X 1019 ¢m~?. For 10% attenuation of Io
with an ND25, Af = 1.44 MW/cm” and the carrier densi-

ty is 2107 em ™. .

cdse(3}) 12K
LUM-6BOnm

Exc 530nm,OND

Ve time ~ 120psec

(b}
Exc 1060nm, ND25{0%)
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(c)
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Exc Y080nm,ND40(20%)

135 psec-

LUMINESCENCE
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FIG. 16. Curve (a) represents free e-h plasma luminescence
at 12 IC from CdSe(3) abtained with 530-nm excitation. Curve
() corresponds to exciton luminescence obtained with two-
photon excitation attenuated by 10% of -the maximum used in
curve (d). The exciton luminescence peak is [shown in curve
(d)] delayed by 185 psec.

In this case Eq. (44)
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For I, excitation, the initial (£ =0) estimated carrier
density 18 2% 10 ¢cm—? and the photoluminescence life-
time [Fig. 16, curve (a)] is = 120 psec. The time required
for the density to go down by a factor of 200 to reach the
Mott density 1x 10" em—? will be =600 psec. Hence,
the observed excitonic luminescence will be delayed in
time to =600 psec after the laser excitation pulse. This is
outside the decay range and was not observed [Fig. 16,

" curve (a)]. However, the experimentally observed time-

resolved excitonic peak occurs after 185 psec (i.e., the,
Mott density is reached after 183 psec [see Fig. 16, curve
(¢)}. This fact leads us to believe that the carrier density
achieved after laser pulse with g excitation intensity is
~5%10"7 ¢m~—? and not equal to the calculated value of
2% 10" em ™. ‘

With - I excitation, however, the excitons are formed

almost instantly as the initial carrier density is about

2% 10'7 ¢cm . Experimentally one can see [Fig. 16, carve’
(a)] that the free plasma peak with one-photon excitation
is separated from the prepulse by 105 psec while the exci-
tonic peak is separated by 118 psec [Fig. 16, curve (5)].
The free plasma luminescence cannot be observed along
with the exciton luminescence because of the low quan-
tum yield in the previous case (the exciton luminescence is
strong compared to thot: free e-h plasma luminescence and
is separated by =50 A and cannot be discriminated by a
broad-band filter).

To account for the reduction of carrier density one

" needs a large diffusion constani. An effective diffusion

coelficient D;=4.2X 10* em?/sec is estimated using Eq.
(37), the initial density at £ =0 of 2 10! ecm ™, and final
density of 5X 10'7 cm—®. Hence, the e-h plasma expands
over a length of 40 pm after 30 psec {thermalization time
of free e-k plasma) to yield a density of 5 107 em 2.

D. Time-integration spatial profile

Using the streak camera in the focus mode we were able
to measure the laser spatial profile and the luminescence
spatial profile at the sample [CdSe(l)]. The time-
integrated spatial profiles of the luminescence differ
greatly in width (FWHM) as compared to the laser spatial
profile. The photoluminescence profile was integrated
over a time duration of 1 nsec (due to the dynamic range)
and clearly shows a transverse diffusion of carriers within
1 nsec. The laser width was 1.35 mm while the photo-
Juminescence width was ==2.19 mm [see Fig. 17} at the
sample. The estimate of the iransverse velocity assuming
that the luminescence is collected during 1 nsec, is 4X 10/
cm/sec (velocity needed for plasma to expand through
0.42 mm in 1 nsec). The transverse diffusion does not
contribute to the drastic reduction of carrier density
within the thermalization time {30 psec). This is due to
the fact that the laser beam profile at the sample is
focused down to 1.35-mm diameter (1350 ) as com-
pared to the absorption depth for one-photon absorption
(2.34 eV) of 0.5 pum. However, it can easily be seen that in
our experiments with the lower limit on the velocities of
4% 107 em/sec, the carriers initially generated within 0.5
um will diffose to 12 ym within 30 psec (delay time).
This reduces the density by a factor of 25. If the satura-
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FIG. 17. Curve {a) shows the laser spatial profile of 530-am
excitation. Curves (b) and (¢) are the spatial profiles of 710-nm
luminescence obtained over a period of 1 nsec after the pulse ex-
cttation. The FWHM of the profiles are shown in the figure.

tion of states is the reason for the observed broader
fuminescence profile instead of fast diffusion (the wings
of the laser profile has enough power to generate the same
carrier density as at the center), i.e., 0.85 mm over the
taser profile for +;Ip excitation, then the luminescence
spatial profile would be 27 mm over the laser profile for
I excitation. This is contrary to the observed increase of
1.79 mm (Fig. 17). '

IX. CONCLUSION

Rapid diffusion of high-density nonequilibrium photo-
generated carrier with diffusion constant largely exceeding
the typical equilibrium values can account for moderate
intensity dependence of the Auger recombination of free
carriers and of the carrier Fermi level in the time-
integrated spectra at room temperature. Such a rapid dif-
fusion can also account for exciton formation at high ex-
citation intensities and the increased photoluminescence
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spatial profile over that of the laser profile. We conclude
that the maximum carrier density attainable by one-
photon excitation at room temperature is =~ 1x 10" em—?
after 30 psec. This limit is further reduced to 3310
cm > at low temperature and is due to the fast diffusion
of carriers and not due to the saturation of absorbing
states. Comparing the time-resolved decay curves for
CdSe(1) and CdSe(3), which shows absence of Auger
recombination in the previous case, makes us believe that

" the diffusion velocities along the ¢ axis are greater than

along the perpendicular direction by a factor of 2. This
results in rapid diffusion within 30 psec reducing the ini-
tial carrier density in CdSe(1} more.than in CdSe(3) with
its ¢ axis parallel to the plane.

The possibility of reradiation and reabsorption is ruled
out since a process will shift the lominescence to the red
(high-energy tail will be absorbed more), The temperature
cooling rate obtained from the time-resolved, hot and

band-edge luminescence, would be faster yielding much

lower temperatures after =30 psec for high pump intensi-
ties. This is contrary o the observation. Such a mecha-
nism is more important for ultrathin samples as compared
to bulk. Also the luminescence from the samples was col-
lected in a frontal geometry reducing the self-absorption.

In addition, this process will make lifetimes longer with

increasing pump intensity in contrast to observation.
Within the theoretical {ramework of screening of the
electron-phonon interaction, we conclude from our experi-

. ments that the nonpolar optical-phonon emission due to

the optical deformation potential is the dominant cnergy
relaxation mechanism. The rapid diffusion of carriers due
to the screening of electron-phonon interaction is an im-
portant phenomenon in limiting the photogenerated car-
riers and should be taken into account in refining the ex-
isting treatise of high-density energy and spin relaxation.'®
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