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Super band-gap time-resolved photoluminescence is employed to measure the transport properties
of degenerate electron—hole gas in thin GaAs epilayers. It is found that the luminescence decay at
wavelengths shorter then the energy gap wavelength is much faster then expected from a simple
diffusion—reabsorption model. The results are explained by using a transport model based on
Fermi—Dirac carrier statistics and nonparabolic band structure. We have found that only by
introducing the above two phenomena the photoluminescence spectra at all energies can be fitted.
The importance of the results in studies of hot carrier energy loss rates is discussd®96©
American Institute of Physic§S0021-8976)02620-5

I. INTRODUCTION second stage of carrier cooling in bulk material is between 1
and 10 ps depending on the carrier denSity.

During the last decade there has been considerable inter- One of the most widely used methods to quantify the
est in photogenerated carrier dynamics in [ll-V semiconducenergy loss rate of hot carriers is by measuring TRPL spectra
tors. Various issues such as hot carrier coolinginority-  at different PL energies above the semiconductor band gap.
carrier lifetime? surface recombination velocifyand carrier The spectra in the time domain are then converted to the
injection across semiconductor—liquid interfatese of in-  energy domain, resulting in a family of PL versus energy
terest. Time-resolved photoluminescen@®PL) is an ex- spectra at various times following the excitation. The carrier
cellent method for characterizing the above processes. In t@mperature is then calculated by fitting each spectrum to a
typical experiment a short laser pul@ssually 1 ps in dura- Fermi—Dirac carrier distribution; this gives the carrier tem-
tion) excites the semiconductor sample with a photon energperature as a function of time from which the energy loss
greater than the energy band gap, creating hot carrier distrfate can be calculated.
butions; the electrons and holes then start to lose energy and However, due to the high optical absorption in direct gap
finally reach the lattice temperature. semiconductors, carrier transport perpendicular to the layer is

In general, two stages of carrier relaxation can bevery fast and strongly affects the TRPL decay curves even in
defined®® The initial carrier distribution at time zero after the sub-10 ps time regime. The transport will increase the PL
the monochromatic laser pulse is highly nonthermal due t§l€cay rate at the different energies, thus leading to a change
energy and momentum selection rules for optical absorptior] 1€ shape of PL versus energy spectra which are produced
The first stage of carrier relaxation involves the evolution of T°M the TRPL curves. The important point is that the trans-
the nonthermal distribution to a thermalized distribution,port may lead to a faster PL decay at a certain energy and

whereby the photogenerated carriers reach an equilibriurﬂhls may be wrongly interpreted as a faster carrier cooling

with themselves, but not with the lattice. The resulting ther-::teor'fe:jhg dg::lse: Or;rfj gtesrllfgteﬂb-ls-ns if:iet(r:lta:vtise giﬁg:ly
malized hot carrier plasma can be assigned an effective tenic? y Barey W W !

- ! e o diffusion in a thin GaAs epilayer is fast enough to affect the
perature characterizing its distributiofFermi—Dirac or . e . :
. . . carrier energy distribution and hence the effective cooling
Maxwell—-Boltzmann. This carrier temperature is generally

. : ] rates in the first 20 ps following the laser excitation pulse.
much higher than the lattice temperature; furthermore_z, thei’hus, in order to obtain correct cooling rates these effects

: - €adiNg 1, st be taken into account in the analysis of the super band-
different temperatures for electrons and holes distributions

i o gap TRPL spectra.
The second stage of carrier relaxation involves energy los In this work we address these phenomena both theoreti-
and the cooling of the thermalized hot carrier plasma to th

. (?:ally and experimentally in the picosecond and the nanosec-
lattice temperature. For plasma temperatures greater than 40d time scales. TRPL spectra were measured at several en-

K, longitudinal optical(LO) photon emission is the dominant ergies both on a very thif0.5 um) GaAs samplewhere
energy-loss mechanism. The characteristic time scale for thigifr,sion is relatively unimportantand on a Szm-thick
sample. We develop a rigorous model which calculates the
dElectronic mail: yossir@post.tauc.ac.il PL decay at the super band-gap energies, taking into account
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the effects of carrier degeneracy and conduction-band non- 100
parabolicity. We find very pronounced differences between [
the different energy luminescence spectra which can be ex-
plained only by taking into account the degeneracy and non-
parabolicity effects. This implies that, in order to measure
carrier cooling rates in semiconductors, such an analysis
must be employed in order to avoid “artificially” slow en-
ergy loss rates.

The experimental techniques we have used are described
in the following section. Section Il describes the experimen-
tal results. The theoretical analysis is presented in Sec. IV
and is compared to the luminescence spectra in Sec. V. The
article is summarized in Sec. VI.
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Il. EXPERIMENT

The GaAs/AlGaAs heterostructures were grown by at-
mospheric pressure, metal-organic chemical-vapor deposi-
tion (MOCVD) at 725 °C on(100 GaAs substrates as de-
scribed in detail elsewhefeThe samples were double-
heterojunction DH) structures that contained capping layers
of nondoped AlGa _,As (x=0.48) on either side of the
undoped GaAs epilayer; all samples contained a A FIG. 1. Semilogarithmic plots of time-resolved photoluminesceitg of
buffer layer of undoped GaAs. For the results reported herene thin(0.5 um) GaAs crystal measured at various super band-gap energies
two samples with different thickness of the active GaAs lay-of: (a) 1.45 eV;(b) 1.47 eV;(c) 1.49 eV;(d) 1.51 eV;(e) 1.53 eV;(f) 1.55
ers of 0.5um (sample A and 5um (sample B were used. €V (@ 1.57 eVi(h) 1.6 eV.

The outer and inner AGa, _,As barrier layers were 0.15
pm thick.

TRPL was measured using the time-correlated single-

photon countingTCSPQ technique. As an excitation source case with bulk IlI-V semiconductors. The second part of the

we used a cw mode-locked Nd:YAG-pumped dye 1d€8-  gecay curves is controlled by the radiative and nonradiative
herent Nd:YAG Antares and a 702 dye Igsgroviding a |k recombination processes.

high repetition ratg<1 MHz) of short pulseq2 ps. The

TCSPC detection system is based on a Hamamatsu R3809U

photomultiplier and the overall instrument response at full

width at half-maximum was about 40 ps. The laser repetition

rate and spot size were adjusted to create an initial electrong. Thick crystal photoluminescence

hole density not higher tharv8L0' cm™ per pulse, in order _

to prevent crystal heating and surface damage. The initial ~Figure 2 shows the TRPL curves measured at selected
excess carrier density was calculated based on the measur&gvelengths in the spectral range of 870—-730(dr3—-1.65

laser photon flux and an absorption coefficienof 5x10*  €V) of the thick (5 um) GaAs sample. In contrast to the
cm ! the laser wavelength of 595 nm. The different TRPL TRPL curves of sample A shown above, the PL curves of the

10-3 r T T T T T T T T 1
0 1 2 3 4 5

Time [ns]

spectra were recorded at 10 nm intervals. thick sample shown in Fig. 2 exhibit a multiexponential de-
cay with three components. The breaks seen in cufyesd
Il. RESULTS (g) are due to the IRF effects; these features are more pro-
i _ nounced at the high photon energies due to the very fast
A. Thin crystal photoluminescence luminescence decay. The first time period of up to 10 ps

Figure 1 shows the TRPL curves measured at severdirimarily reflects the cooling of the initial hot carrier distri-
photon energies in the range 1.43-1.75(8V0-750 nmof  bution, and the initial diffusion process. The second time
the 0.5um-thick GaAs sample. The absorption depth of theperiod, between several picoseconds to few nanoseconds in
laser wavelength is-2000 A; hence, the carrier cooling and duration, is dominated by the transport of carriers from the
transport in the case of the thin crystal is completed within dnitial Beer—Lambert distribution into the bulk. The third
time similar to the system instrumental response functioime domain, between several nanoseconds s lis con-
(IRF) of 40 ps. The luminescence decay curves at energieolled primarily by the radiative and nonradiative bulk re-
above 1.52 eV can be divided into two main time regimescombination processes. As can be seen from Fig. 2 the ef-
The first is characterized by a very fast decay limited by thefective decay time of the transport componetiie second
IRF and is attributed to the photogenerated hot carrier relaxpart of the TRPL curvestrongly depends on the PL photon
ation to the lattice temperature. The greater the photon erenergy. The larger the photon enerdghorter PL wave-
ergy, the greater is the amplitude of the shorter decay comlength the smaller the effective lifetime of the transport
ponent. The cooling lasts a few picoseconds, as is usually theomponent.
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FIG. 2. Semilogarithmic plots of time-resolved photoluminesceditg of f
the thick (5 um) GaAs crystal measured at various super band-gap energies F (b)
of: (a) 1.45 eV;(b) 1.49 eV;(c) 1.53 eV;(d) 1.57 eV;(e) 1.61 eV;(f) 1.65
ev.
5
£
IV. ANALYSIS =
A. Carrier transport calculated in the nondegenerate ‘g
regime 5
aQ 10t
The analysis in the nondegenerate regime, described in g
detail elsewherd,is based on a numerical solution of the 8
ambipolar diffusion equation 2
Q
aAN(XY) _ - dPAn(x) o Ane @ @ t=p.6ns
= + X1 D
at X2 0 T8 t=3ns
with the boundary conditions
JAN(X,t) So 102 . . s \ L
. =5AH(X=OI), 0 1 2 3 4 5
X x=0 Distance From Surface [um]
2
dAN(X,t) @
T == B An(x=d,t), FIG. 3. (8 Computer simulations of the excess carriers spatial distribution
x=d in the thin (0.5 um) crystal at different timest=0, 10, 20, 50, and 80 ps,
following the laser excitationb) Computer simulation of the excess carriers
An(x,t=0)=0, (3)  spatial distribution in the thick crystal, at times o0, 430, 860, 1.3, 1.7,

. . .. 21,26, and 3 ps, following the excitation.
whereAn (An=Ap) is the photogenerated carrier densities

at a distancex from the crystal surface and tinteafter ex-

citation. D is the ambipolar diffusion constang(x,t) the d

laser generation functiorzg the effective bulk lifetime,d I(t)=f An?(x,t)exp(— a’'x)dx, (4)

the epilayer thickness, arff} the ambipolar or intrinsic sur- 0

face recombination velocity which is assumed equal at botivhere o' is the absorption coefficient at the luminescence
interfaces. The use of E@l) is valid only under high exci- wavelength.

tation conditions, as we have shown in the pastider such The hot electron cooling process is approximated by
conditionsD and rg can be considered to be independent of

the excess carriechoncentration and the bands near the sur- Te=TL+AT exp(—t/7), ®)
face can be assumed to be flat. The normalized timewhereT, and T are the electron and lattice temperatures,
dependent PL intensiti(t) is then calculated as respectively AT is the initial ((=0) temperature difference

J. Appl. Phys., Vol. 80, No. 9, 1 November 1996 Poles et al. 5131

Downloaded-30-Mar-2005-t0-132.66.16.12.-Redistribution-subject-to~AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



100 super band-gap TRPL of a semiconductor in the degenerate
: regime; we find an excellent agreement between the model
and our experimental results.

B. Carrier transport in the degenerate regime

3
T

PL resulting from a direct radiative electron—hole re-
combination is commonly expressed'By

|(fiw)~ 0 (ho—Eg) 4 fp, (6)

where E is the energy band gap, arfd and f;, are the
electron and hole distribution functions, respectively. For
times relevant to our purposdés>10 p9, the distribution
functionsf, andf, can be approximated by thermalized dis-
tributions which is equivalent to assigning quasi-Fermi levels
to each type of carrier.
The electron and hole energies andEy, measured rela-

10 . tive to their respective band edges are related to the photon

0 1 2 3 4 5 energyfiw through Aw=Eq+E,+ Ey. Using this relation
Time [ns] and the Fermi—Dirac distribution function E@) becomes

l(hw)~ o (ho— Eg)l/2

Photoluminescence [arb.u]
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FIG. 4. Computer simulations of the photoluminescence decay using non-

degenerate carrier statistics. Note the large differences between the calcula- m -1
tions and the experimental results shown in Fig. 2. The calculated curves are x{exp B _hn (hw—E,) —F +1
at the following photoluminescence energiés: 1.45 eV;(b) 1.47 eV;(c) € Mg+ my, g €
1.49 eV;(d) 1.51 eV;(e) 1.53 eV;(f) 1.55 eV;(g) 1.57 eV. N
me -
X4 ex ho—Ey) —Fn||+1;
F{Bh Mot my ( ¢)—Fn

between the electron distribution and the lattice apds a )

time constant characterizing the electron cooling timeis where B.=1/(kT.), B,=1(kT,), andm, and m, are the
less then 10 ps for GaAsand thus is relatively short com- effective masses of electrons and holes, respectivelgnd

pared to our experimental time resolutidiil was estimated £ a6 the corresponding quasi-Fermi levels, which are re-
from fitting the experimental data of the thin cryst@.5 |5ted to the local carrier densities , n,, by

um); the fast cooling process is observed in the TRPL data ,
of the thin crystal shown in Fig. 1, as a spike limited practi- 1 (MepkTen)®? _ . g
cally by our instrumental time response. Neh= 27312 h 1l BenFen), ®)

Figures 3a) and 3b) show calculations of the excess

. . . . where
carrier concentration across the thin and thick samples, re-
spectively. In the case of the thin sample the carrier distribu- 1 o x" dx
tion across the sample is nearly constant at a time of 80 ps Tn(2)= I'(n+1) fo exp(x—2z)+1
following the excitation which means that the diffusion has a o ) ]
negligible effect on the PL of the thin crystal. On the otheriS the nth-order Fermi integral, and the quasi-Fermi levels
hand, it is seen that the carrier concentration across the thick® measured relative to their respective band edges.
sample[Fig. 3b)] is not constant even after 3 ns, and thus  1he emission spectrum is obtained by integrating
diffusion will have a significant effect on the PL spectra well | (A ®,x,t) taking into account reabsorption of the lumines-
into the nanosecond time regime. cence,

Figure 4 shows TRPL spectra of the thick sample calcu-

I(ﬁw,t)=j

dI(fiw,x,t)exp[—o/(w)x]dx, 9

lated for different emission wavelengths using E4). The o

carrier cooling and the radiative and nonradiative bulk re-
combination processes were assumed to be identical to theherea’(w) is the absorption coefficient at a specific emis-
ones obtained from the analysis of the thin crystal PL datasion energy.

However, the experimental resul{fig. 2 show a much Strictly speaking, Eq(7) is correct in the absence of
stronger dependence of the PL decay time on the PL wavdransport effects. However, we shall assume the existence of
length then that predicted by the calculations shown in Figlocal quasiequilibrium distribution functions with quasi-

4; it is clear that this wavelength dependence cannot be eXermi levels(and effective carrier temperatujeand that
plained by the nondegenerate ambipolar diffusion model anthese distribution functions do not vary significantly over
the PL reabsorption alone and thus must be due to additiondistances corresponding to the appropriate carrier mean free
effects. These are presented in the following subsectiopaths. The local carrier densities(n=n,=n,,) satisfy the
where we develop a rigorous model which calculates thembipolar diffusion equatidh
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an Me
E=V(DVn)+5§’—ﬁ, (10 X exr{ moFm, Brn(ho— Eg)”
where ¥ and.7 are the pair generation and recombination h -1
rates, respectively. The diffusion coefficiébtis given by x| ex P (ho—EQ)—Fe||+1
_OE 16
D= | 1Bl BoF o) + 75 o B 22 o (19
(11) whereF,=#°(3m7°ny)“"/(2m,),
where / B 1/2( ﬁe ) \/; (,BeFe) 1/2,
/2 /L
AR S pra e 2 @
e ¢ " o 7/1/ /Z(Be e) (IBeFe)n
the ambipolar diffusion coefficient,?2~T2/2 and
f/O T2 are the low-density electron and hole diffusion and
constants, respectively, and#Zy(B8.Fc) =7 m(BF o)l 7k ,
(B:F¢). The second addend in the large parentheses on the 3BeFet1 (19

right-hand side of Eq(11) describes the self-energy correc-
tion to the particle currer? which was shown to be rela-
tively negligible at temperatures above 100%.

If the electron and the hole temperatuf&g andT},) are
equal and coincide with the lattice tempera_ttl'r,a_Eqs.(G)— T~ P 2BF (1) +1]. (18)
(11) compose the whole system of equatidwgth corre-
sponding boundary conditiopswhich permits the calcula- Equations(18) and (18') show that the ambipolar diffusion
tion of I(Aw,t). In the case whei, and T,, change with  coefficient decreases with an increase of distance from the
time (an effect which is S|gn|f|cant only at the first 10 ps crystal front surface becausedecreases due to the absorp-
following the excitatiol, the hot phonon formation that in- tion, andF an/s
creases the electron—phonon relaxation time must also be Based on the model described above we can now explain

% 0
IR R i) B

Since #8>%% and under our high injection conditions as
specified previously Eq.18) can be simplified to

considered31* the dependence of the PL decay rate on the emission energy.
Equations(6), (7), (10), and(11) simplify in the case of Let us examine the ratio
nondegenerate electron—hole gases to ~ H(x=04)
I(ﬁw,x.t)~w2(ﬁw—Eg)1’2n Ny exf — B(fio—EQ)], @)= x=01=0)
(13

which characterizes the decrease with time of the lumines-
cence at a frequency from a very thin layer near the sur-

T2 BF )= T5A BF ) =

and face. From Eq(16), we obtain
G~ 27 jo (14
R+ R e () exp[ﬁe oty (e ~Eg)=Fe(0)
where we disregarded the self-energy correction to the par7—7 nh(o) b o—E)—F(t
ticle current due to small density=n,=n,, in the nonde- XK Be me+my, (hw—Eq)—Fe(l)
generate case. (19

However, Egs(13) and (14) fail to explain our experi-
mental data. The main reason is that for an electron densi
of n~3x 10" cm™2 (which corresponds to our experimental
conditiong and T=2300 K the strong degeneracy conditton

Thus, for the lower PL energigSred frequencies’), satis-
tK/mg the inequality

is satisfied for the electron system, me+m (ho—Eg)—Fe(1)<0 (20

37%n,)%? and consequentl
BeFezuw4> 1, (15) quenty
2mg

where we have usedh} = 0.068n, for GaAs. For the me+m (io—Eg) ~F(0)<0,

heavy-hole system, the corresponding paramgids,>1, .

since the ration}; /m% = 7.53. The electron and hole concen- sinceFe(0)=Fe(1),

trations in our experiments are arouns BJ'® cm™3; there- np(t)

fore, as a first-order approximation, we can consider the car- n(w,t)~ n,(0) (21

rier system as degenerate for electrons, and as nondegenerate

for the holes. In such a case Eg) becomes Hence, the decrease of the intensity at the red frequency PL
) " is determined primarily by the decrease of the holes density

l(w,X,t)~ 0 (ho—EQg) Ny ny, due to diffusion.

J. Appl. Phys., Vol. 80, No. 9, 1 November 1996 Poles et al. 5133

Downloaded-30-Mar-2005-t0-132.66.16.12.-Redistribution-subject-to~AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



For the higher-energy “blue” frequencies, satisfying the 00 r
relation B\

me+m (ho— Eg) Fe(0)

and consequently
10-1

M hw—E.)—F.(0)>0
me+mh(w o)~ Fe(0)>0,

Ny(1)
n(w,t)%ZW exp{ - B

Equation(22) shows an essentially faster decay of the blue
frequencies with respect to red ones as can be seen from
comparing Egs(21) and (22). This effect is enhanced at
lower temperatures, since the degeneracy paramgteg

[Eq. (15)] is proportional toT~1; this has been verified ex- ’
perimentally and will be reported elsewhere. Thus, we obtain ol o0y e
a qualitative explanation for our experimental data shown in
Fig. 2 and clarify why the standard ambipolar diffusion self- Time [ns]

absorption modefsee Fig. 3 did not agree with our results. FIG. 5. Experimental time-resolved photoluminesce(etted line$ and

When the injection level increases increasesand/or  :omouter simulatior(solid lines of the thick 5 um GaAs epilayer. The
the temperature decreases, the degeneracy of the hole systesiulations are based on Fermi—Dirac carrier statistics and conduction-band

also becomes important and one must use the general exprégnparabolicity; the parameters used are given in Table .
sion given by Eq(7) for | (A w,X,t). For a strongly degener-
ate hole system and for red PL frequencies satisfying the
conditions

(22

Intensity [arb.u]

(hw—Eg)—Fe(t )”

me+ my,

—

=3

&
T

v(E)= Wgs m2JE 1+ aE(1+2aE)
J2 5aE)

~ m2/2 E( 1+ ——

(ho—Eg) —Fo(t)>0, (24) 253 e VB 2

and hence the number of electrons in the conduction band is
we obtain from Eq(7) that 7(w,t)~const. That is to say, given by
that the increase in the degeneracy parameter results in slow-
ing down of the red luminescence decay rate. This effect cap _ (MekeTe) ¥ ( . 15akgTe
be easily understood, since for a strongly degenerate gas thé /2,343 v BeFe) 4 3 Bee)
lowest states are occupied and the diffusion does not influ- (26)
ence their occupancy. This effect will be reported in mor
detail elsewhere.

me+m (iw—Eg) —Fp(t)>0, (23)

(25

me+ my,

®This equation is used to calculate the quasi-Fermi level as a
function of the electrons’ density and temperature.

C. The nonparabolic correction

1. The nonparabolic correction for the quasi-Fermi 2. The nonparabolic correction for the diffusion
levels coefficient
Using a simulation program, based on EGB—(12), we To calculate the new effective diffusion coefficient we

were able to fit only our lower-energy data. However, whenuse the Einstein relation in the nonparabolic reghn®,
measuring luminescence at energies~d@.3 eV above the

bottom of the conduction band the nonparabolic correction to % keTe 71 BeFe) + akeTe 75 BeFe) @27
theT" valley band structure must also be considered. Me A 7oA BeFe)+ LaksgTe7 1A BeF e)

The nonparabolic correction has two contributions: The
first is a change in the position of the quasi-Fermi level, and"’h?rlezcig's the electron charge. The carrier mobility is given
the second is a change of the effective diffusion coefficient: by
Following otherd®=*® we used the first-order nonparabolic q°
correction to the conduction band(1+ «E)=#2k?/2m, Heh=iT., TEh T BenFen)- (28
where « is the nonparabolicity parameter given by:
a=(1/Eg)[1—(m*/m0)]2 and is equal to 0.576 for GaAs. This expression is obtained from the solution of the Boltz-
The density of states then becomes mann equation using the relaxation time approximation and
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assuming that the momentum relaxation tin(&)~ 7,E

: _ _ kgT To(BeFe) + 3akgTe 71( BeF
ands= 1/2. Following this proceduf@we obtain the follow- &/, =——¢ ;0 ol BeFe) 215 sTe”1(BeFe) ,
ing expression for the electron mobility: q T A BeFe) + ZakgTe 71/ BeFe)

© ™ (30)
Q98 Fol o)+ haksTe 7Aoo

- — — . kgT
KeTe 7o BeF o) + Kk Te 7o BeF o) /AL w0975 Y2 BF).

Me

“h
Combining the expressions for the electron and hole mobili-
ties with the Einstein relation gives the diffusion coefficients
of electrons and holes, respectively, The new ambipolar diffusion coefficient then becomes

T 7Y%l BrF ) N Te
o L BakeTe 735 BeFe) 13 A BeFo) + KakgT, 31
o T 0T, YA BaF ) AT
+

1+ RakeTe 734 BeFe) 734 BeFe) + 5akaTe 7o BeF o)

This new expression reduces to E42) when =0 (the  an algorithm developed by Kosloff and Tal-EZ&fThis ap-
parabolic band approximation proach was originally used to solve SHiager equation and
By using the approximation gB.F.(x,t) from Eq.(15  was later modified by Agmort al. to solve the diffusion
and the simplified expression for the diffusion coefficient,equation?>**we implied the same approach for the semicon-
Eq. (18), one can see tha’~3.57} at the degenerate re- ductor transport equations with Fermi—Dirac carrier distribu-
gime. However, at the nondegenerate regime=27p,  tions and nonparabolic conduction band.
meaning that the effective diffusion coefficient varies in our  In short, the numerical algorithm can be applied for any
case from~14 to ~8 cntf/s as function of the electron quasi PDE having the formdf/dt=Lf, where L is a space-
Fermi levelF.. dependent operator; the solution is then given by

V. COMPARISON WITH THE EXPERIMENTAL

f(r t+At)=exp — AtL)f(r,t). 32
RESULTS (r )=exp( )E(r,t) (32

Calculations of the TRPL spectra in the degenerate reln our case the operatdr is the ambipolar diffusion equa-
gime were performed using a simulation program based otion, i.e.,

TABLE I. The parameters used in the calculations of the TRPL cu¢seld lineg of Fig. 6.

Band-gap energy Egap=1.425 eV
Electron effective mass my =0.068n,
Hole effective mass m} =0.512n,
Total number of carriers generated by the n(t=0)=3x10"% cm3
excitation
Hole diffusion coefficient D2=4 cnfls
Electron diffusion coefficient DY=100 cnfls
Absorption length at laser wavelengtho5 nm) 2000 A
Lattice temperature T,=300 K
Initial electron temperature Te(t=0)=400 K
Time constant for electron cooling T.=2 pS
Nonradiative lifetime 350 ns
Radiative rate constariat band-gap energy B=2x10 % cnls
Interface recombination velocity S=100 cm/s
PL wavelength(nm): Absorption length(cm)

710 4.3¢10°°
730 5.1x107°
750 6.0<10°°
770 6.6<107°
790 7.1x10°°
810 7.6¢10°°
830 8.3x10°°
850 10.%10°°
870 12.4¢10°°

J. Appl. Phys., Vol. 80, No. 9, 1 November 1996

Poles et al. 5135

Downloaded-30-Mar-2005-t0-132.66.16.12.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



- a( a) . 100
L_a_x Da_x +&—%, (33 :
whereD is the ambipolar diffusion coefficient given by Eq. o
(3D).

Our simulation starts by assuming an initial carrier dis- C
tribution att=0 that obeys the Beer—Lambert absorption [ Bandgap
law, the quasi-Fermi level& [x,t, To(t)], Fn(x,t,Ty,) are
then found by numericaly solving E(R6) at each time step,
and are then used to calculde D is then used to calculate
the new distribution of the carriers &t=t+ At whereAt is
the time step; this procedure is then repeated to the desired
time period. Once the quasi-Fermi leveig[x,t,T(t)] and
Fn(x,t,Ty), are known, calculating the energy spectra at dif- [
ferent times is a straightforward task. The electron cooling t=10ps
was introduced qualitively as an exponentially decaying pro- E t=20ps
cesssee Eq(5)] with a time constant of about 2-5 ps. f t=50ps

Figure 5 shows calculated TRPL curves of the thick t=300ps
sample on top of the experimental data of Fig. 2. The breaks 10 L . L |
seen in the data curveg) and (h) are again due to IRF L4 = 16 17 18
effects; similar breaks are also observed in the corresponding Energy [eV]
calculated curves due to convolution with the experimental
IRF. The computer simulation is based on E@3, (9), (11),
(26), (31), and(33). The initial total carrier density at=0
and t=0 was estimated to be,(0,0)=n;(0,0)=3x 10
cm 3, based on the laser power and the spot size on the 10 |
irradiated sample; the other parameters used in the calcula- :
tions are given in Table I. The observed agreement with the
experimental results is very good; this means that the elec-
tron degeneracy and conduction-band nonparabolicity are the
main factors responsible for the change in the PL decay rate
at super band-gap energies.

Figures §a) and &b) show calculated PL versus energy
spectra for the thin and thick samples, respectively, at vari-
ous times following the excitation. These figures show a very
pronounced change in the slope of the PL versus energy
curves in both cases. At photon energies suchEpandE,, 104 £ (b)
are well above their respective quasi-Fermi energies the lu- :
minescence intensityy, is given by . t=50ps

—

<
o
T

=0

Intensity [arb.u]

_

<
S
T

t=5ps

100

102 L Bandgap

Intensity |arb.u|
2
T

t=5ps
t=10ps
t=20ps

105 . | ) | . | _\{=300ps
Iprcexd — (hw—Eg)/KgT]. (34) 14 15 16 17 18

Energy [eV]

Thus the slope of thé,, vs fw on a semilogarithmic plot is
a measure of the electron temperature. In the case of the thin
crystal the slope is almost constanttzt20 ps; however, in FIG. 6. (a) Energy-resolved spectra of the thin crystal calculated at several

. . . times following the excitationt=0, 5, 10, 20, 50, and 300 ps. The observed
the case of the thick samplﬁFlg. G(b)]’ the SlOpe still change in the slope at the high energies:atlO ps is due to transport

changes at>50 ps. These slope changes are not due tQffects.(b) Energy-resolved spectra of the thick crystal calculated at several
electron cooling but rather due to an enhanced diffusion ofimes following the excitationt=0, 5, 10, 20, 50, and 300 ps. The observed

the high energy carriers as a result of both carrier degenerac“')zange in the slope at the high energiest:atl0 ps is due to transport
and band nonparabolicity. effects.
This emphasizes the importance of diffusion in obtaining
correct carrier energy loss rates using TRPL methods. |
means that diffusion and/or transport must be considere
whenever the sample is not too thir0.5 um) or the trans- In this work we have shown that transport effects play a
port is slow. The later is very important in multiquantum- central role in the super band-gap luminescence spectra of
well and superlattice structures since the carrier verticalegenerate semiconductors. We developed a rigorous nu-
transport is slower than in the bulk; in these quantum conmerical model which calculates the super band-gap time-
fined structures the transport must be considered also faesolved luminescence spectra under degenerate carrier con-
very thin sample§<0.5 um). ditions and nonparabolic band structure; the model showed
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