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We have developed a theory that explains the spectral distribution and the different time decay 
behaviors of the signals observed in picosecond excitation-correlation measurements of semicon
ductor materials. The results display good quantitative agreement with experiments on multiple 
quantum wells and show that band filling has an important role in determining the characteristics 
of the correlation signals. Two limit cases are found and mathematically characterized: the non
degenerate regime, where the signals are positive with exponential-like decays, and the degenerate 
regime, where band filling gives rise to negative signals. It is shown that the technique is a sensitive 
probe of the carrier dynamics not fully exploited in previous work. 

I. INTRODUCTION 

The time resolved photoluminescence (PL) technique 
known as population mixing or picosecond excitation 
correlation (PEC) spectroscopy was introduced in 1981 
(Refs. 1 and 2) and since then it was widely employed to 
study carrier dynamics in semiconductor materials. 1~10 

This technique has the advantage of providing a time 
resolution limited by the laser pulse width and of requir
ing an experimental setup which is much simpler than 
that of other ultrafast methods of measuring the PL de
cay, such as frequency up conversion. 11 A disadvantage 
arises from the fact that it is a correlation method, which 
requires careful interpretation of the measured signals. 

In this technique two trains of laser pulses, usually with 
pulse widths in the picosecond or subpicosecond range, 
generate carriers which later recombine by radiative and 
nonradiative mechanisms. Due to the nonlinear relation 
between the luminescence and the carrier density, there 
is a correlation between the PL generated by both trains 
of pulses. By measuring the correlation of the PL as 
a function of the relative delay between the pulses it is 
possible to observe the dynamics of the photogenerated 
carriers. 

According to this simple description, PEC signals can 
be expected to decay following the decay of the car
rier population as the delay between the pulses is in
creased. These types of PEC signals, which are sim
ple to interpret, have often appeared in the literature 
and the signal decay rate has been used to measure 
several fast processes in semiconductors such as carrier 
lifetimes, 1 •3 tunneling, 4~6 minority carrier drift, 7 exci
ton formation time,6 and real space carrier transfer in 
Al.,Ga1~.,AsjGaAs heterostructures.8 

However, the PL correlation signal can also change sign 
and slope depending on the excitation intensity and the 
wavelength at which the PL signal is detected. Perhaps 
due to its more difficult interpretation, this kind of sig
nal has remained for the most part absent in the litera-
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ture. Some exceptions are Johnson and McGill,3 who 
attributed the negative signals to extremely long car
rier lifetimes, J0rgensen and Hvam,9 who used the sign 
change in the PEC spectra of CdSe to identify the bound 
exciton PL peak, and Eakin and Ryan, 10 who attributed 
the dip in the PEC signal to carrier cooling. However, 
to our knowledge such significant changes in the signal 
characteristics have not been thoroughly studied. Most 
of the previous work on the analysis of this technique is 
only qualitative1 •9 •10 or has been restricted to spectrally 
integrated signals and low excitation intensities.3 •6 The 
PEC technique merits detailed study because it is a sen
sitive probe6 of the dynamics of processes occurring in 
photoexcited materials that has not been fully exploited. 

Herein we present a complete analysis of the spectrally 
resolved PEC signals that shows good agreement with 
measurements conducted on In.,Ga1 ~.,P /In.,Ah~.,P mul
tiple quantum wells (MQW's). As a result of our analy
sis, two distinct regimes (nondegenerate and degenerate) 
are found and characterized. When the excited carrier 
density is low the semiconductor is in a nondegenerate 
situation and the PEC signals present exponential-like 
decays that are easy to interpret. For high excited car
rier density the semiconductor is degenerate and negative 
signals appear in the low energy zone of the spectrum, 
where the PL saturates. It was previously reported3 that 
the PEC signal is zero in absence of a nonradiative decay 
path. Our more complete analysis confirms the result 
for the nondegenerate regime, and shows that in the case 
of the degenerate regime only the spectrally integrated 
signal is equal to zero due to the compensation of posi
tive and negative parts of the spectral distribution of the 
PEC signal. Furthermore, in the presence of a nonradia
tive decay path we find a quantitative relation between 
the ratio of negative and positive areas of the PEC signal 
and the rate of increase of the radiative efficiency with 
the excitation power. 

In the next section we will present experimental results 
of PEC measurements showing unusual features such as 
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changes in sign and non-exponential-like decays that mo
tivated our study. Section III is devoted to the theoret
ical analysis of PEC signals. We first obtain analytical 
expressions for the two limiting cases of low (nondegener
ate) and high (degenerate) carrier density, which provide 
a useful insight into the physics of the problem. Later 
we use numerical simulations to study the general case 
and obtain quantitative information on the physical pa
rameters of the sample. In Sec. IV we discuss the inter
pretation of PEC signals and study their relation to the 
radiative branching ratio, and finally we summarize our 
results in Sec. V. 

II. PICOSECOND EXCITATION CORRELATION 
SIGNALS FROM ln.,Ga1 _.,P /ln.,Ah_.,P MQW's 

We used PEC spectroscopy to perform time resolved 
PL measurements in In.,Ga1_,P /In.,Al1 _.,P MQW 
structures grown by gas source molecular-beam epitaxy. 
Our sample consists of a stack of 30 In.,Ga1 _,P wells 8.5 
nm thick separated by 22.5 nm In.,Ah_,P barriers as 
described in detail in Ref. 12. In an experimental setup 
similar to others reported in the literature, 1 •3 •9 the sam
ple, cooled to 10 K in a cryostat, is illuminated by two 
trains of synchronized laser pulses that are modulated 
separately at two different frequencies. The PL emitted 
by the sample is detected with a slow detector attached 
to a spectrometer. 

The time integrated PL generated by either pump 
beam can be obtained by referencing the lock-in ampli
fier to the corresponding modulation frequency while the 
correlation between the PL generated by both pulses is 
obtained by referencing the lock-in amplifier to either the 
sum or difference of the chopper frequencies. A typical 
result of such measurements can be observed in Fig. 1 
where we plot the time integrated PL (dashed line) and 
the PEC signal (solid line) as a function of the energy of 
the luminescence photons. These curves were obtained 
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FIG. 1. Measured time integrated PL (dashed line) and 
PEC (solid line) spectra corresponding to 8 mW excitation 
power focusing with a 75 mm focal length lens. The energies 
corresponding to the decays of Fig. 2 are indicated. 

using a sync-pump dye laser with 8 m W of mean power 
in each beam and focusing onto the sample with a 75 
mm focal length lens. The 2 ps pulses, with a central 
wavelength of 580 nm, had a repetition rate of 76 MHz 
and were modulated at 1.77 KHz and 2.12 KHz. 

The time integrated PL in Fig. 1 is almost symmetric 
in energy with a shape very similar to a Gaussian curve. 
As the luminescence comes from many quantum wells 
with fluctuations in width of around 5%,12 at low tem
peratures the line shape is expected to be Gaussian. 13 

With measurements of the PL at low excitation intensity 
we find this broadening to be 8 meV. This effect will be 
taken into account when comparing to the predictions of 
the theory for PEC signals. 

To obtain the corresponding PEC signal shown in Fig. 
1 both trains of pulses were adjusted to overlap tem
porally and spatially on the sample. In this condition 
we observe the PEC signal in the entire energy range 
spanned by the PL, but as shown in the figure the line 
shape is very different from that of the PL, with positive 
PEC signals in the high energy side and negative signals 
in the low energy side. 

The temporal dependence of the cross correlation sig
nal is obtained by delaying in time one train of pulses 
with respect to the other. By means of the spectrometer 
one can choose the energy of the detected photons and 
obtain the decay of the PEC signal for different energies. 
Figure 2 shows the PEC signal as a function of the rela
tive delay between the trains of pulses for several zones 
in the spectrum that are labeled by the markers in Fig. 
1. These curves were taken using a manual translation 
stage with one data point each 33 ps. 

As Fig. 2 clearly shows, one can obtain very different 
PEC decay signals depending on the sampled energy re
gion of the spectrum. Curves (a) and (d) are examples of 
decays corresponding to the low and high energy ends of 
the spectrum, while curves (b) and (c) illustrate the ob
served continuous change in the shape of the decays with 
energy. At high energy (d) we obtain an exponential-like 
decay. At lower energy (c) the signal first increases and 
then decays. As the correlation signal is symmetric, this 
initial increase can be described as a dip appearing at 
short delays. This dip grows further if we continue to-
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FIG. 2. PEC signal decays measured at the energies labeled 
by the markers in Fig. 1. The lines connect experimental 
points separated by 33 ps in delay. 
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wards low energy (b) and finally the signal becomes a 
negative exponential-like decay at the low energy end of 
the spectrum (a). Such variety of shapes from a single 
experiment clearly shows that the PEC signal is more 
complicated than a simple sampling of the decay of the 
photoexcited carrier population. Consequently, a more 
detailed analysis is needed if the lifetimes and other pa
rameters are to be extracted from these data. 

In order to understand the origin of this behavior we 
performed PEC measurements changing the power of the 
pump pulses. PEC spectra at zero delay corresponding to 
different pump powers, with PEC intensities normalized 
for ease of comparison, are shown in Fig. 3. The spec
trum taken at low power (0.4 m W) is completely positive 
and its shape is very similar to the corresponding time 
integrated PL (not plotted). When we increase the power 
of the pump beams the low energy side of the spectrum 
first becomes negative, and then the area of the negative 
part increases as shown in Fig. 3 for excitation powers 
of 3.8 mW and 8.7 mW. Series of measurements done at 
different powers show that the increase in the negative 
area with power saturates when negative and positive 
areas are approximately equal. The origin of these PEC 
signals is explained by the theoretical analysis presented 
in the next section. 

III. THEORETICAL ANALYSIS 

As it has been previously recognized,6 •9 the PL cor
relation signal obtained by means of this technique is a 
measure of the nonlinearity of the detected PL with the 
excitation power. More precisely, the PEC signal is the 
difference between the PL generated by the two delayed 
pulses and twice that generated by only one excitation 
pulse. 6 To show this we will consider the situation de
picted in Fig. 4. Figure 4(a) represents the electrical 
input to the lock-in amplifier obtained by blocking one 
of the pump beams, which can be expressed as 
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FIG. 3. PEC spectra measured at different excitation pow
ers (a) 0.4 mW, (b) 3.8 mW, and (c) 8.7 mW. Curves are 
normalized for ease of comparison. 

FIG. 4. Electrical signals entering the lock-in. Traces (a) 
and (b) represent the signal obtained when blocking one pump 
beam or the other. Trace (c) is obtained when both beams 
are present. 

(1) 

Due to its slow response time compared to the PL dura
tion, the detector produces an electrical signal P£ 1 , pro
portional to the time integral of the detected PL. As the 
pump beam is chopped at a frequency Wa slower than the 
response of the detector, the electrical signal is affected 
by the transmission function of the chopper c(wat). 

A similar signal is obtained by blocking only the other 
pump beam, as shown in Fig. 4(b). When the intensity 
of both pump beams is the same, the only difference be
tween the two signals is due to the chopper frequency, 
i.e., 

(2) 

If the emitted PL were linear, the electrical signal with 
both pump beams unblocked would be simply the sum 
of the signal coming from each pump, as shown by the 
dotted line in Fig. 4(c). However, due to the nonlinearity 
of the process, when both pump beams are present, the 
detector produces a signal P£2 , different from 2 x P£ 1 as 
shown by the solid line in Fig. 4(c). The signal can be 
expressed as the linear term plus a nonlinear correction 
that appears only when both beams are present, 

Sab = h1 [c(wat) + c(wbt)] + (P£2- 2h1) c(wat) c(wbt). 

(3) 

By simple inspection of Eq. (3) we note that the only 
components at frequencies (wa + wb) and (wa - wb) arise 
from the nonlinear term and are proportional to P£2 -

2 x P£1 . Therefore the output from the lock-in as a 
function of the energy E and delay o can be expressed as 

(4) 

where p£2 ( E, 0) is the time integrated photoluminescence 
at energy E generated by two pulses separated by a delay 
o, while P£1 (E) is the PL originating from only one pulse. 
It is clear from ( 4) that the PEC signal vanishes when 
the dependence of the PL with excitation power is linear. 

In order to obtain the PEC signal as a function of 
the detection wavelength and relative delay between the 
pulses, the emitted luminescence in the conditions of the 
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experiment must be computed. For that purpose we built 
a simplified theoretical model of the processes that take 
place in the semiconductor after optical excitation. Typ
ical systems use pulses with durations in the order of a 
few picoseconds or less that are absorbed in the sam
ple by generating carriers. Shortly after generation the 
energy distribution of the carriers is thermal, character
ized by quasi-Fermi-levels for electrons and holes and 
a carrier temperature T0 , different, in principle, from 
the lattice temperature TL .14 The processes of genera
tion and carrier-carrier thermalization coexist and last 
a few picoseconds, while recombination time is usually 
several hundred picoseconds, thus the great majority of 
the photons will be emitted when the carrier distribu
tion is thermal. As the PEC signals are computed from 
the time integrated PL we can safely neglect the pho
tons emitted from nonthermal distributions and assume 
that upon arrival of the laser pulse a certain population 
of photoexcited carriers is instantaneously generated at 
temperature T0 • The temperature of the carriers later 
decays to that of the lattice in a longer time scale.14 

According to Ref. 15, the number of photons emitted 
in the form of luminescence in an interval dE around the 
energy E during the time interval dt is 

In this expression B is the radiative recombination rate 
constant, E = E - E 1 measures the energy of the photon 
relative to the energy of a transition originated at the 
bottom of the band (E1 ), me and mh are the effective 
masses of electrons and holes, while n(E) and p(E) are the 
densities of electrons and holes as a function of the en
ergy measured from the bottom of each band. Expression 
(5) takes into account the conservation of the wave num
ber k required in photon emission and assumes parabolic 
bands. Integration of n(E) and p(E) over energy gives the 
total density of photoexcited electrons n and holes p. 

If we consider that the population of carriers is af
fected by both radiative recombination and some addi
tional nonradiative mechanism we can write the differen
tial equation giving the temporal evolution of the carrier 
population, where we have included the customary gen
eration term G(t). 

dn n 
- = G(t)--
dt Tnr 

(6) 

To obtain the time integrated PL signals as appear
ing in expression (4), Eq. (5) should be temporally inte
grated after insertion of the evolution of the carrier popu
lation determined by the differential equation in (6). We 
first consider two limiting cases of very low (nondegener
ate) and high (degenerate) carrier concentration in which 
the further simplification of constant carrier temperature 
allows an analytical solution to be found. Study of these 
particular situations provides a very useful insight into 
the problem, while the general case of arbitrary carrier 

concentration and cooling rate is later addressed in Sec. 
III C with numerical simulations. 

A. Nondegenerate regime 

When the photoexcited carrier density is low, the 
quasi-Fermi-levels are located out of the bands and both 
n( E) and p( E) are the exponential tails of the Fermi dis
tribution. The conditions of nondegeneracy for a MQW 
are 

n < 9e kT ln(2) , 

(7) 

p < 9h kT ln(2) , 

with 

(8) 

(9) 

where 9e and 9h are the two-dimensional densities of 
states for electrons and holes, k is the Boltzmann con
stant, and T is the absolute temperature of the carriers 
which is assumed constant. It is evident from these ex
pressions that at low temperature, even relatively low 
carrier densities can lead to a degenerate situation. 

By performing the integral of (6) in the nondegenerate 
situation we obtain a term proportional to the product 
of the populations of holes and electrons. 

dn = G(t)- _!!:_- B (2_)2 e-•JkT np. 
dt Tnr kT 

(10) 

This situation is implicitly assumed throughout the lit
erature for the analysis of PEC signals and corresponds 
to the case analyzed by Johnson and McGill.3 As con
cluded there, a purely radiative recombination does not 
give rise to a correlation signal. The measured PEC sig
nal is originated from the nonlinearity introduced in the 
PL by the existence of a nonradiative decay path. 

If we consider that the decay is dominated by the non
radiative mechanism, Eq. (10) can be approximately 
solved with exponential decays 

n(t) =no e-t/re , 

(11) 

In these expressions Te and Th are the lifetimes of elec
trons and holes, and n 0 is the initial density of photoex
cited carriers. 

By replacing (11) and the exponential energy distribu
tion in (5), and performing the necessary integrations, we 
obtain the correlation signal as a function of the photon 
energy E and the delay rS. 

s(E,r5)=B(no)2 TeTh e-•/kT(e-8/r•+e-8/rh). 
kT Te + Th 

(12) 
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As expected, this signal is fairly simple to interpret; its 
decay rate is the same at all wavelengths and equal to the 
decay rate of the carrier population. The PEC spectrum 
in this case turns out to be simply proportional to the 
time integrated PL spectrum. 

B. Degenerate regime 

In this case the quasi-Fermi-levels of electrons and 
holes are located within the corresponding band. To al
low for a simple mathematical treatment we will assume 
the temperature T = 0, so that both n(t:) and p(t:) take 
the value of the density of states below the Fermi level 
and a value of zero for energies above that level. The 
more general case of a higher temperature is discussed in 
Sec. III C. 

For T = 0, the integrand in (6) is different from zero 
only when both n(t:) and p(t:) are not zero, which occurs 
only for energies below the lowest of the quasi-Fermi
levels for electrons and holes as corrected by the relation 
of masses in (5). As the Fermi level is determined by the 
population, the result of the integral in (6) will be pro
portional to the population of either electrons or holes 
depending on which one decays the fastest. In what fol
lows we will assume the decay for electrons to be faster 
than for holes; in the opposite situation the calculations 
are analogous. 

~ (1 ) -d = G(t) - n - + B (ge + gh) 
t 7nr 

(13) 

This equation is readily integrated and it yields an 
exponential decay of the electron population. The life
time has two components: nonradiative 7nr and radiative 
7r = 1/B (ge + 9h)· 

Once the time evolution of the carrier population is 
determined, expression (5) can be used to compute the 
time integrated PL as a function of the excess energy E, 

h(t:)={Bgegh7ln(~), O<t:<n/g 
0 , E > njg , 

where 

1 

7 

1 1 -+-
'Tnr Tr 

1 1 1 
-=-+
g 9e 9h 

(14) 

(15) 

(16) 

Expression (14) was obtained assuming excitation with 
a single pulse that generates an initial density of carriers 
n. 

We next proceed to define a set of parameters (n0 , 

71, a, and (3) that fully characterizes the photolumines
cence emitted when two delayed pulses are incident on 
the sample. If only one of the pulses hits the sample, it 
will generate an initial carrier density n 0 that will decay 
with a lifetime 7 1 . The second pulse will encounter a 
partially saturated absorption and will thus generate a 

lower carrier density n = a(J) n 0 . The parameter a(J) 
accounts for absorption saturation effects and depends 
on the incoming power and the time J elapsed since the 
arrival of the first pulse. This parameter is included for 
completeness of the model, although a is often close to 1 
in many practical situations. 

We will define another parameter (3 from the relation 
112 = (3(15) 111, where 111 denotes the radiative branching 
ratio, i.e., the fraction of carriers that recombine through 
the radiative path when only one of the pulses is present 
and 172 is the radiative branching ratio when both pulses 
illuminate the sample. We will later use this definition 
to establish a mathematical expression for the previously 
recognized connection3 between PEC signals and radia
tive efficiency. 

In the particular case of T = 0 it can be shown that 
7 2 = (3( J) 7 1 , where 7 2 is the lifetime of the carriers gen
erated by the second pulse. Expression (13) shows that 
for T = 0 the radiative decay time does not depend on 
the carrier density, thus in that case (3 will account only 
for a saturation of the nonradiative decay path. 

With the previous definitions and replacing the ad
equately modified equation (14) into (4) we obtain an 
expression that describes the spectral and delay depen
dence of the PEC signal, 

*'') ~ { 
0, E 2: ~ (e-.5/r, + a(J)] 

SJ, ~ ~ E < ~ (e-.5/r, + a(J)] 
(17) 

s2, !!Q e-8jr, < E < !!Q 
g - g 

s1, 0 < E < no e-8/r1 
- g 

with 

(20) 

(21) 

Typical results are plotted in Fig. 5 which shows the 
PEC spectrum for zero delay and the dependence of the 
PEC signal with the delay J for different energies E. The 
dashed line in Fig. 5 is the result of expressions (17)
(21), while the solid curves are obtained after Gaussian 
broadening of the dashed curves to take into account 
the spectral broadening caused in a MQW sample by 
the well-to-well fluctuations in width. 13 These curves are 
in qualitative agreement with the experimental data in 
Figs. 1 and 2 showing that this simple model includes 
the physics underlying the wide variety of observed PEC 
signals. A quantitative comparison of the calculated and 
measured PEC signals is included in the next section, 
which treats the case of arbitrary photoexcited carrier 
density and T > 0. 
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C. General case 

For arbitrary photoexcited carrier density and T > 0, 
the differential equation (6) is solved numerically. We will 
assume that the carrier temperature decays exponentially 
from the initial value to the lattice temperature with a 
time constant TT . 

(22) 

Once the carrier density and temperature are known, 
the quasi-Fermi-level for electrons (holes) can be com
puted from requiring the integral of the Fermi distribu
tions to be equal at all times to the total electron (hole) 
density. A FORTRAN program was developed that com
putes the temporal dependence of the PL according to 
(5) and performs the necessary numerical integrations to 
evaluate the PEC signal [expression ( 4)]. This program 
was used to fit the experimental data presented in Sec. 
II. The results of the theoretical predictions are shown 
in Figs. 6 and 7. 

Figure 6 shows the theoretical PEC decay signals cor
responding to the same energies as the experimental ones 
plotted in Fig. 2. A notably good agreement with the 
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FIG. 6. Simulated PEC signal decays corresponding to the 
same energies as the experiment of Fig. 2. The curves were 
computed using parameters obtained by simultaneous fitting 
of the PEC spectra at different delays. 
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experiment was obtained without the need to include 
carrier cooling effects, using material constants from the 
literature12 and only three fitting parameters that affect 
different features of the signal: the carrier density, the 
nonradiative decay time, and the bimolecular radiative 
recombination rate constant. The relation between ra
diative and nonradiative rates affects the shape of the 
spectra while their magnitude acts on the duration of 
the decays and the carrier density affects the shape and 
width of the PEC spectra. Making a simultaneous fitting 
of PEC spectra taken at different delays we obtained the 
following values for the parameters: n = 1.8 x 1011 cm~ 2 

when pumping with 8 m W per pump beam, Tnr = 800 
ps, and B = 4.4 x 10~ 17 cm2 eV jps. According to these 
values we inject a carrier density of 2.25 X 1010 cm~ 2 

per mW of pump power, in agreement with estimates 
from the intensity of the excitation and sample absorp
tion. With the parameters from our fitting the radiative 
lifetime result is 300 ps, giving a total lifetime of 220 
ps. To verify the accuracy of the obtained lifetimes we 
performed independent measurements on the same sam
ple using a synchro-scan streak camera. These measure
ments yielded a (not perfectly exponential) decay with 
a lifetime of around 210 ps. It should be stressed that 
while the streak camera measurement gives almost the 
same total lifetime, the PEC technique gives more infor
mation with increased temporal resolution, even in the 
degenerate regime where simple exponential fittings are 
not possible. 

To further test the theory we used the parameters ob
tained in the fitting to simulate measurements at different 
pump powers and compared the result with the experi
ment obtaining the very good agreement shown in Fig. 
7. The figure shows the PEC spectra measured at three 
different powers and the corresponding predictions of the 
model. At low carrier density the theory and experiment 
match perfectly, while for higher carrier density the the
ory accurately predicts the change in shape of the signal 
but the experimental curve is slightly displaced to lower 
energy. The sign and magnitude of the displacement is 
consistent with band gap renormalization16 due to the 
high carrier concentration effect, which is not accounted 
for in our simple model. 

IV. INTERPRETATION OF PEC SIGNALS 

The analysis of the PEC technique shows that band 
filling effects account for many of the previously observed 
changes in the signal with pump power and detected pho
ton energy. Previous PEC measurements performed on 
GaAs/Ga1~,Al,As quantum wells have shown PEC de
cay signals that are exponential-like decays at high en
ergy in the PEC spectrum, and which at low energy dis
play an initial increase that was attributed to carrier cool
ing effects. 10 To justify the assumption of carrier cooling, 
Ref. 10 included calculations assuming a nondegenerate 
situation, where the product n(E, t) x p(E, t) is propor
tional to the PL intensity. The time dependence of this 
population product was computed and found to have a 
behavior similar to that of the measured PEC signals 

when the cooling time TT was of the order of the lifetime 
Tc of the carriers. 

However, calculations resulting from the model de
scribed in the previous section show the initial increase in 
the PEC signal is not due to carrier cooling as previously 
suggested. Figure 8 shows the numerically computed PL 
intensity and the PEC signal for different carrier cooling 
times with the detection energy set at the bottom of the 
band and assuming a nondegenerate situation. The top 
curves with instantaneous carrier cooling reproduce the 
analytical result of expression (12), i.e., the PEC signal 
decays following the carrier population decay while the 
PL intensity decays at twice that rate. The other curves 
show the effect of carrier cooling in a nondegenerate situ
ation: the PL intensity corresponding to an energy at the 
bottom of the band initially increases because the rear
rangement in energy of the carriers due to carrier cooling 
overcomes the decrease in total carrier population. How
ever, the PEC signal does not show an initial increase, 
meaning that carrier cooling cannot explain the dips in 
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FIG. 8. Computed PL as a function of time and PEC signal 
as a function of delay with detected photon energy at the 
bottom of the band, for different values of lifetime (rc) and 
cooling time ( Tr). Temperature and initial carrier density 
correspond to the nondegenerate regime. Carrier cooling is 
observed to produce dips in the time dependent PL but not 
in the PEC signal. 
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the PEC signals in a degenerate situation even when it 
produces dips in the time dependence of the PL intensity. 

We instead attribute the initial increase of the PEC 
signals to band filling. If the carrier density is close to 
the condition of degeneracy [Eq. (7)] in the transition 
between the two regimes previously discussed, band fill
ing is not strong enough to produce negative signals but 
manifests itself as the observed dips in the signals. 

As the PEC signal changes shape affected by the 
change in carrier dynamics (Fig. 8), the technique could 
still be used to study carrier cooling by carefully fitting 
a set of spectrally resolved measurements with the pre
dictions of the theoretical model of Sec. III C. 

Another interesting result from the analysis discussed 
in Sec. III is a deeper understanding of the previously es
tablished connection3 between PEC signals and radiative 
efficiency. The spectrally and time integrated PL can be 
expressed as a product of the initial carrier density times 
the radiative branching ratio 1J defined as the number of 
electrons that recombine radiatively relative to the total 
number of carriers 

(23) 

We can use this relation to obtain the spectrally inte
grated correlation signal 

s = 2no(7J2- 7JI) = 2no 1]!({3- I) (24) 

Here we used the parameter {3(t5) = 172 /7]1 which mea
sures the increase in radiative efficiency with excitation 
power. To compute the area of the negative part of the 
PEC spectrum we use expressions (17)-(21). The rela
tion to be obtained by using those results is valid for 
T = 0 K, but it is not expected to be affected dramat
ically by the carrier temperature because the negative 
part of the PEC spectrum originates in the zones of the 
band that are completely filled with carriers and thus in 
that energy zone the distribution is the same, indepen
dent of the carrier temperature. The negative area for 
T = 0 is 

s_ =no 7]1 (2- {3) 2/3/(/3- 2) . (25) 

From these relations simple algebra gives 

s+ = s + s_ =no 1J1 [ (2- {3) 213/(/3- 2
) + 2({3- 1) J 

(26) 

(!3 - 2) 213/(13- 2 ) 
(27) 

({3- 2) 2/3/(/3- 2)- 2({3- 1) 

Expression (27) shows that the ratio of areas is de
termined by the way the branching ratio changes with 
excitation power. The radiative rate constant depends 
on the overlap of the electron and hole distributions in k 
space, and increases with carrier density while the semi
conductor is nondegenerate and then saturates at the 
value B (ge + gh)· In the presence of a parallel nonra
diative decay process, the radiative efficiency initially in-

creases with excitation power and then saturates at a 
certain value. This means the parameter {3 takes values 
larger than unity for low carrier density, and approaches 
1 as the density increases. With this behavior of {3 ex
pression (27) (solid line in Fig. 9) predicts the increase of 
negative area with excitation power that can be observed 
in Fig. 3. If the decay is purely radiative, however, {3 = 1 
for all carrier densities corresponding to equal positive 
and negative areas. This can only be observed at high 
carrier densities because in the nondegenerate regime the 
PEC signal corresponding to this situation is zero. 

Numerical simulations in a variety of conditions were 
performed in order to confirm the validity of Eq. (27) 
in the general case. Figure 9 shows a plot of Eq. (27) 
along with points obtained from simulations in which the 
parameters (excitation power, temperature, cooling rate, 
lifetimes) were chosen at random in a range spanning at 
least one order of magnitude, which correspond to values 
of 1] from 3 X w-4 to 0.3. This large variation in the 
parameters produced the comparatively small dispersion 
in the points that can be observed in the figure. As ex
pected, the simulations are closer to the result of Eq. 
(27) when the ratio of areas approaches unity, i.e., when 
the carrier density is high and the distribution is similar 
to that ofT= 0. 

V. SUMMARY 

Although many studies have been previously con
ducted using the PEC technique, the lack of a detailed 
analysis implicitly restricted its applicability to the non
degenerate regime. Even in that case, as the PEC signal 
is a correlation measurement, the interpretation of ex
perimental results is not always straightforward and the 
use of only qualitative reasoning in the analysis of the 
signals can lead to erroneous interpretations. 
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FIG. 9. Relation between the ratio of areas and the in
crease of radiative branching ratio, (3. The solid line is the 
analytical relation computed at T = 0, and the circles are 
results of numerical simulations with parameters (excitation 
power, temperature, cooling rate, lifetimes) chosen at random 
corresponding to radiative branching ratio Tf ranging between 
3 x 10- 4 and 0.3. 
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We have developed a theoretical analysis of the spec
trally resolved PEC signals that includes band filling ef
fects. This model describes well all the major features 
observed in experiments at low as well as at high initial 
photoexcited carrier concentrations. We found two limit 
regimes with different behavior of the PEC signals de
pending on whether the semiconductor is degenerate or 
not. In the nondegenerate regime, which corresponds 
to the case analyzed in previous studies, an increase 
in photoinjected carrier density causes an increment of 
the population at all energies and a superlinear PL re
sponse. This leads to completely positive PEC signals 
and exponential-like decays. In contrast, in the degener
ate regime the levels located at the bottom of the con
duction band are completely filled with electrons and 
further injection of carriers increases the population at 
high energy levels. This leads to sublinear behavior with 
negative PEC signals at the bottom of the band and su
perlinear behavior with positive signals at the top of the 
band. 

The simulated PEC spectra and signal decays are in 
very good agreement with those experimentally measured 
from a multiple-quantum-well sample. Furthermore, we 
have shown that fitting of measured decay signals with 
the predictions of the model allows the measurement of 
lifetimes which agree with independent PL measurements 
conducted using a synchroscan streak camera. Other pa
rameters, such as carrier density, ar.e also obtained from 
the fittings. It should be noted that the theoretical analy
sis allows for measurements to be conducted in the non
degenerate as well as in the degenerate regime, where 
lifetime measurements were not possible with the previ-
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ous understanding of this technique. The latter regime is 
of significant practical interest because applications such 
as the semiconductor lasers require the study of materials 
at high injected carrier densities. 

Previous works have established that the PEC signal 
and the radiative efficiency of the material are related. 
Our theory shows that there is a relation between the ra
tio of areas negative over positive in the PEC spectrum 
and the rate of increase of the radiative efficiency. This 
relation can be analytically found at T = 0 K and nu
merical simulations show that the relation is practically 
universal. 

In conclusion, we have developed a theory that ex
plains the spectral distribution and the different time 
decay behavior of the PEC signals obtained under low 
and high photoexcitation conditions. These results ex
pand the utility of this sensitive ultrafast technique as a 
tool for the study of carrier dynamics in semiconductor 
materials. 
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