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Effect of the shape and duration of excitation pulse on the dynamics of excitons and trions
in quantum wells
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We have studied the effect of the shape and duration of a photoexcitation pulse on the temporal evolution of
excited electrons when they are both free or bounded in excitons and trions. A quantum well with n- and p-type
remotely doped regions is considered to get the necessary excess of free electrons or holes. This configuration
allows us to study the evolution of both negative and positively charged excitons simultaneously. Calculations
have been done using the matrix density formalism to introduce different pulse types. The temporal behavior
of the photoluminescence intensity, which is associated with plasma, exciton, and trion, is obtained by means
of the two-dimensional density evolution of the different species.
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I. INTRODUCTION

In the physics of the semiconductors, the electronic affin-
ity of a third charge makes that (under certain circumstances)
excitons capture this charge to form the so-called trions or
charged excitons. These can be negatively or positively
charged depending on where they are formed in an environ-
ment with an excess of electrons or holes, respectively.
Semiconductor quantum wells (QWs) have demonstrated to
be the suitable structures to generate these complex particles.
The method most widely used to get the charge generation in
these structures is the photoexcitation with an ultrashort laser
pulse that causes the same concentration of photoexcited
electrons and holes and, therefore, the corresponding exci-
tons. Another method involves the injection of electrons and
holes by doping two regions close to the structure. Injection
offers the advantage of preventing the interaction between
the electromagnetic field associated with the excitation and
the excited electrons. In this case, the excitons are created by
hole-assisted electron resonant tunnel. Another characteristic
of these excitons [direct-created excitons (DCEs)] is that
they have spatial coherence, with an in-plane momentum
kexe~0, and they can irradiate perpendicularly to the QW.
Therefore, DCEs are appropriate for the application in verti-
cal planar microcavities.! The injection has two additional
advantages: (i) the control of electron and hole densities by
means of the impurity concentrations, together with the ap-
plication of an external electric field, and (ii) the prevention
of the exciton thermalization. This thermalization is an un-
avoidable consequence of the nontuned laser excitation.

Since the standard way to generate trions is the ultrafast
photoexcitation, a detailed analysis of this process deserves
special attention. Let us suppose we are using a mixed tech-
nique. Not only do we dope the material to have an excess of
charges but we also photoexcite the sample. In principle, for
low donor doping, DCEs would not be formed because the
Fermi level of the reservoir will be below the first
conduction-band level. After applying an electric field, the
electronic level will be populated by electron resonant tun-
neling. If, once applied (the field), we photoexcite the
sample, we will obtain excitons (photoexcited excitons to-
gether with DCEs) in a first stage. Since they are formed in
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an environment with an excess of electrons or holes, the
negatively or positively charged excitons will appear, respec-
tively.

These bound complexes of three particles have a binding
energy, which is large enough to make them observable. The
most broadly used experimental technique to investigate tri-
ons is the time-resolved photoluminescence (PL).>* Re-
cently, generation and recombination processes of excitons
and trions have been analyzed using this technique.*> PL has
also been used to investigate two-dimensional electron gas
(2DEG) in magnetic fields. The application of high magnetic
fields increases the binding energy of the negatively charge
excitons and allows the study of such species under study
because the field isolates to a certain extend trions from the
2DEG. This largely prevents the free-electron—trion interac-
tion. Also, two different classes of trions (singlet and triplet
states) appear due to the spin polarization of the 2DEG
caused by the magnetic field (see Ref. 6 and references
therein).

In this work we study the influence of the shape and du-
ration of excitation pulses on the temporal evolution of free-
electron, exciton, and trion densities in photoexcited QWs
with the necessary free electron or hole excess. The process
of trion generation can be considered as follows. First, if the
Fermi level of the n-type material (see Fig. 1) resonates with
the electronic level in the QW, electrons tunnel to the QW.
These electrons, together with holes diffused into the QW,
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FIG. 1. Scheme of the doped quantum well under study.
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form excitons. Second, if there is an excess of electrons or
holes, these charges will coexist with DCEs and can give rise
to negative or positive trions. Third, if we photoexcite the
sample with an ultrashort laser pulse, an additional amount
of free electrons and holes are generated and, thus, photoex-
cited excitons. Some of the excited charges can be bound to
excitons leading to the formation of more trions. Thus, we
deal with three different electronic states (free, excitonic, and
trionic electrons), which will occupy different energy levels.
The binding energies for positive (X*) and negative (X~) tri-
ons in GaAs/AlAs are rather similar according to Teran et
al.” In our case, for a 10 nm QW, they are of the order 1.1
and 0.9 meV, respectively. For a fixed width, these energies
depend on the doping concentration due to the built-in elec-
tric field but this dependence is weak until concentrations of
10° ¢cm™2. Beyond this concentration, the binding energy di-
minishes for the X~ if the Pauli exclusion principle is con-
sidered, leading to the X~ quenching. On the contrary, for
positive trions the binding energy slightly increases (ini-
tially) with the electric field for small excess concentration of
free carriers, and this energy diminishes later because of the
exclusion principle. In an actual sample, the excess of con-
centration of free electrons is of this order of magnitude
(10° cm™2) or lower. Some authors claim that both species
can coexist.® We consider this possibility in calculations.
Short intense laser pulses can also create neutral biexcitons
(XX), which give place to an absorption line some few
millielectron volt below the exciton line, close to that of the
positive trions. However, Kheng et al.’® and many later works
have shown that charged complexes are the most often spe-
cies in QWSs. Thus, we have not considered the biexcitons,
which do not contribute essentially to the formation of trions.
Coexisting biexciton and trion have rarely been studied.'?

The aim of this paper is the theoretical analysis of the
trion dynamics in the presence of excitons, free electrons,
and holes when photoexcited with different laser pulses. We
use the matrix density formalism, taking into account the
different generation, recombination, and annihilation rates
for different types of binding.!' The effect of the interband
optical pulse is included by means of the interband genera-
tion function.

II. THEORETICAL FORMALISM

We assume an ultrafast () injection of electrons in the
QW to simplify calculations when the electronic level lies
under the Fermi level. We also suppose a &(r) diffusion of
holes from the p-doped material to the QW. We consider the
excitation laser pulse by means of the function

B 1 + cosh(7,/27))
" [cosh((z - 1o)/ 7¢) + cosh(7,/27) ] ’

w(t) (1)
where 7, is the pulse duration and 107, is the front pulse
duration. Thus, for 7,=0 ps we have a square pulse and, for
7,>T,, the pulse is in a Gaussian-type. Figure 2 shows the
shape of the pulse for 7,=10 ps and three different 7 typical
values. In order to consider a pulse starting at =0 ps, we
have introduced the shift 7,=(7,+107)/2. We first consider
the general quantum kinetic equation for the density-matrix
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FIG. 2. (Color online) Shape of the pulse for 7,=10 ps and
7;=0.1 (solid line), 0.5 (dashed), and 2.5 ps (dotted).

operator 7(¢) and for electrons placed in an electric field with
frequency w, E()exp(—iwt)+c.c.=Ew(f)exp(—iwt)+c.c.,
and

231)

T 4 21, 3(0)) = ([T, expl- o) + Hee ] 50}

2)

Here H is the QW one-particle many-band Hamiltonian we
have described elsewhere.!! When electrons are excited by
the transverse electric field associated to the laser pulse

E w(f)exp(~iwt)+c.c., the perturbation operator 8H,, which
describes interband transition, can be written as'2

5}-1, = (ie/w)E | 0 w(1), (3)

where 0 | is the transverse velocity operator. If we project on
the conduction-band states, we find the kinetic equation for
the one-electron density matrix p(z),

Jp [ A n n
PO L5t 30)= 60+ ol )

where j(ﬁ| t) is the collision integral and the generation rate
is given by

. 1 (° NS P
G =5 f dreM T (SH,, . po e ™ 6H ]+ H.c.,

—00

)

with the phenomenological constant A — +0. This constant is
the finite relaxation rate. Here p,, is the equilibrium density
matrix when the second-order contributions to the response
are taken into account.

Taking the basis H|¢,)=¢,|b,), we can rewrite Eq. (3) as
a system of kinetic equations for f,5(1)=(¢,|p(1)|pg), where
we neglect nondiagonal terms if (e,~&g)/% are larger than
the collision relaxation and generation rates. Thus, for the
diagonal terms,

If aalt)

P = Ga(t) + J(faa|t) > (6)

where G,(f) is the photogeneration rate for the « state and
J(f 4o |?) is the collision integral rate. For the case of ultrafast
photoexcitation, using the dipole approximation and the ba-
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FIG. 3. (Color online) Generation function for 7,=10 ps and

the three 7 values used in Fig. 2. Solid line: A=1 meV. Dashed:
A=0.5 meV. Dotted: A=0 meV. Dash dotted: A=—0.5 meV.

sis |, =|n,) with @=v (valence), ¢ (conduction), we get

dnls) =G<r>+<%) ,

dt at
dny(1) _ on,
dt G+ ( ot )Xc’ @)

where n, (f) are the electron densities in the valence and
conduction bands. For the case in which there is only photo-
excitation, terms (%)u:—(%)sc correspond to the collision-
induced relaxation of population in the conduction and va-
lence bands. If we define the detuning energy as A=¢,.—¢g,
—fw, the interband generation rate can be expressed through

2 0
G(1) = 2(%) w(t)Rel f drw(t + T)sin<%7)] ,

(8)

and v,, is the interband velocity. Figure 3 represents the
generation function g(#)=G(r)/ Ny, for different 7, and detun-
ing energy values A, where

Now=27p2p[¢E 10{ b B P /i (9)

is the characteristic density of photoexcited charges (for A
=0 meV and 7,=10 ps; an excitation energy density of
0.2 uJ cm™ corresponds to a characteristic density of 2
X 10 ¢m™ in our structure). It is important to point out
that the detuning energy only has an appreciable influence in
the generation function when A <1. Beyond this value, g(z)
remains the same for any A. Thus, we will use A=1 meV
from now on. This value is enough to reach the maximum of
the generation function.
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We will also consider collision-induced relaxation in
terms of the generation and annihilation rates. Initially, free
electrons are injected quasi-instantaneously or photoexcited
and lose their free condition to generate excitons and trions.
So we have two annihilation mechanisms expressed through
the generation rates I',. and I', respectively. In addition,
trion destruction gives rise to free electrons because the re-
combination of one electron with the hole leaves an addi-
tional free electron. The same argument can be used for the
positive trion, which gives rise to free holes. Thus, we have
an additional generation term for free electrons at a rate
1/ 7. We define Ny, as the total density of injected elec-
trons and N, as the total density of diffused holes. By
writing densities of free electrons, holes, excitons, and trions
(negative and positive) in units of Ny, [1,(2), 1,(1), nexc(1),
and ny+(t), respectively] and considering that n,(r=0)
=Ninj(e)/ Npn and n,,(t=0)=Nyg;n)/ Ny, before switching the
pulse on, we get for free electrons

d 1
50 =8(0) + — (1) = Ton (0 (0)[2n, (1) + my (1)

1
- (Fexc + :)nh(t)ne(t) - Ftrzne(t)nexc(t)- (10)

Thus, injected electrons and diffused holes are included in
the initial boundary conditions. In a similar way excitonic
electrons appear—after instantaneous hole diffusion—at a
rate I, and disappear due to recombination and trion gen-
eration at rates 1/7.,. and I'y, respectively. Thus, for exci-
tonic electrons,

d 1
_nexc(t) = Fexcnh(t)ne(t) - _nexc(t)
dt Toxc

- Flr2nexc(t)n[ne(t) + nh(t)]v (1 1)

and, for negative and positive trion electrons,

d 1
Entr(—)(t) = rtr2ne(t)nexc(t) + Ftrnz(t)nh(t) - T_ntr(—)(t) P
tr

d 1
Entr(ﬂ(I) = FtrZ”exc(I)nh(t) + Ftrne(l‘)nh(t)2 - T_nlr(+)(t)-
tr

(12)

Lastly, for the hole density, we can write

1
)= 80 + )~ T OO0 = 20,0

- ( exe T %)nh(t)ne(t) - Fernh(t)nexc(t)~ (13)

In the absence of photoexcitation, similar expression for
double QWs can be found in Ref. 11. In the expressions
above, I‘;l is the mean time required for trion formation via
three-particle processes: two free electrons and a hole for
negative trion or two holes and a free electron for positive
trion. The intrinsic exciton and trion lifetimes are 7,,. and 7,
respectively, and 7, is the recombination time of free carriers.
Finally, I';, is trion formation rate through two-particle in-
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TABLE I. Characteristic generation and relaxation times in ps
for low temperature.

- 1 1
Te Fexc Texc o Iy Tir

10* 60 700 710 700 340

teraction: an exciton plus a free electron (hole) for the nega-
tive (positive) trion. An extensive analysis of these times can
be found in the papers of Esser et al.” and Deveaud et al.®
Although the majority of coefficients takes into account the
mass action law (Saha-Eggert relations), we have considered
that the process of exciton formation is much faster than the
generation of trions and the annihilation of both excitons and
trions.* Actually, Iy, corresponds to the scattering rate of
excitons with free electrons, which give rise to the trion for-
mation. Experimentally, this scattering formation rate is pro-
portional to the free-electron density, to the in-plane exciton
area (which contributes to the cross section of the process),
and to the kinetic energy of the two interacting species.
We have used phenomenological data for 100 A
GaAs-GaAlj 35As) 65 QWs included in Refs. 2—4.

III. NUMERICAL RESULTS AND DISCUSSION

To analyze particle densities we numerically perform the
coupled system [Egs. (10)—(13)] using the Runge-Kutta
method. We only consider cases in which the density of in-
jected electrons is higher than the density of diffused holes,
e.g., an excess of free-electron density of about
10°-10'° ¢cm™. Higher densities could prevent trion
formation.* Data used in calculations are included in Table 1.

Figures 4(a) and 4(b) represent the density evolution of
holes and free exciton and trion electrons [n,(z)] for the hy-
pothetical initial concentration pair n,(0)=0.5 and n;,(0)
=0.1. We have used an ultrafast pulse with 7,=10 ps and
7,=0.1 ps and a detuning energy A=1 meV. Initially, there
are only injected free electrons and diffused holes, the den-
sity of which increases quickly after switching the pulse on
and decays as soon as the pulse is switched off, giving rise to
excitons or recombining. These excitons generate trions due
to the scattering processes between excitons and free elec-
trons or free holes. Another source of trions are the three-
particle processes. The recombination of electron-hole pairs
reduces the density of electrons both in excitons and in tri-
ons. In the latter case each extinct trion leaves one electron
free, which contributes to increasing the stock of remaining
free electrons. This recombination leads to a long-time limit
of the total density of electrons, which is equal to the free-
electron excess, n,(t— ©)=n,(0)—n;(0). Figure 4(b) shows
the initial stages of the process. The shape of the pulse has
little influence on the generation rate when 7, is shorter than
the different characteristic generation and annihilation rates.
The fact that the relative concentration of free electrons over-
comes the unit in Figs. 4(a) and 4(b) is because densities are
normalized to photoexcited characteristic density. The sum
of this density, plus that of injected electrons, can be bigger
than the unit if characteristic recombination times are long
versus the generation rate.
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FIG. 4. (Color online) Dimensionless densities for a pulse with
7,=10 ps and 74=0.1 ps. The initial dimensionless doping concen-
trations are 1,(0)=0.5 and n,,(0)=0.1. Solid line: free-electron den-
sity. Dashed: hole. Dotted: exciton. Dash dotted: negative trion.
Dash-dot dotted: positive trion. (b) Corresponds to short-time
region.

With the purpose of analyzing the effect of the pulse
shape, we have considered a 7, of the order of the character-
istic times of generation and annihilation processes. Figures
5(a)-5(c) show evolution of n, for pulses of 7,=100 ps with
fronts of 7,=1, 5, and 25 ps with the same 1n1t1al concentra-
tions used before. Only in the initial steps of the process, the
front pulse has some importance. In this case the negative
trion electron density can even exceed the exciton electron
density. Due to the large tail of the Gaussian-type pulse [Fig.
5(c)], free-electron and hole densities decay as excitons and
trions begin to form, before perceiving photoexcitation pulse.

We now analyze the behavior of n,(r) as a function of the
initial concentrations. To do that, we vary concentrations of
donors and acceptors in the doped regions. For a realistic
experimental situation of ultrafast photoexcitation, the ma-
jority of electrons are photoexcited from the valence band. In
such a case, the number of excitons is greater than the num-
ber of other complex species as Fig. 6 shows. This situation
can be reverted by increasing the doping concentration of
donors in the left reservoir beyond n,(0)=0.5 (see Figs. 4
and 5). When 7,(0) and 7n,(0) are not very different [Fig.
6(a)], positive and negative trion densities are close to each
other and lower than exciton density. Whereas when n,(0)
>n,(0), negative trion density is higher than positive one
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FIG. 5. (Color online) Dimensionless density for long duration
pulses with 7,=100 ps and 7=1 ps (a), 7,=5 ps (b), and
7,=25 ps (c). Initial densities and lines code are the same as in
Fig. 4.

and comes closer to exciton density [Fig. 6(c)].

It is interesting to check the above results with existing
measures. Because PL intensity Ip; (1) ~ny(t)/ 7, where 7 is
the intrinsic lifetime of the species k, density evolution of the
excited complexes can be observed by this technique. Figure
7 shows contributions of free-electron (plasma), exciton, and
trion densities to the PL intensity Ip; (7) for different pulses
and initial concentrations 7n;(0). As expected, the duration
and shape of the pulses control the behavior of luminescence
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FIG. 6. (Color online) Dimensionless densities for the same
pulse of Fig. 4 and for three different initial doping concentrations.
Lines code are the same as in former figures.

intensity during a short time. However, temporal tails of lu-
minescence intensity are governed by initial concentrations.
Our results for short pulses (7,=10 ps) are in reasonable
good agreement with the experimental data existing in the
literature for GaAs-GaAlAs QWs.2?

For higher densities than those used in the present work,
the effect of the electron-electron Coulomb interaction be-
comes more noticeable due to the space-charge potential en-
ergy created by the spatial distribution of electrons and holes.
This space-charge potential is repulsive for holes and attrac-
tive for electrons. Electron-hole attraction dominates
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FIG. 7. (Color online) Photoluminescence intensity decay. Solid
line: n,(0)=0.1, n,(0)=0.05, and 7,=10 ps; dashed: 1,(0)=0.5,
n,(0)=0.1, and 7,=10 ps; and dotted: 1,(0)=0.5, 1,(0)=0.1, and
7,=100 ps.

electron-electron and hole-hole repulsions at low densities.
When the carrier density increases the repulsive part of the
Hartree-Fock potential energy increases as well. Beyond a
certain initial density [n,(0)=10"" ¢cm™] of free electrons,
the repulsion equals the attractive potential. For higher den-
sities, the Coulomb interaction of the second electron with
the hole in the trion is canceled resulting in trion extinction,
which generates excitons and free electrons. If the free-
electron density increases even more, the binding energy of
excitons tends to zero and excitons also disappear. These
densities mainly affect the dynamics of the level-shift energy
of electrons.'!

The approximations used in the method of calculation
should also (now) be mentioned. We assumed that electron
injection and hole diffusion are much shorter processes than
the pulse duration and the exciton generation time, which, in
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turn, is even shorter than trion generation and recombination
times. Another important point is the possible effect of the
applied external electric field on the trions. We have used
field intensities, which are lower than 30 kV/cm to prevent
the ionization or possible trion diffusion across the
structure.*

IV. CONCLUSIONS

In summary, we have analyzed the generation of excitons
and trions including effects resulting from the interaction of
the laser electromagnetic field with photoexcited carriers, an
ever-present problem in photoexcitation. We have also in-
cluded the effect of the shape and duration of the laser pulse.
The method is based on electron-tunneling injection and hole
diffusion from remotely doped layers' together with an ul-
trafast photoexcitation. We have also analyzed the effect of
the coexistence of positive and negative trions together with
excitons. We have studied the aforementioned effect using
the five-coupled Bloch system obtained from the kinetic
equation for the one-electron density matrix and taking into
account the five possible time-dependent processes. Our re-
sults show a wide variety of responses caused by the differ-
ent carrier densities of the three systems (electrons, excitons,
and trions). Present results can be checked by means of PL
measures. PL experiments for trions in single and coupled
double QWs are available. We expect that this paper will
stimulate experimental studies on the exciton and trion dy-
namics.
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