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A quantum-mechanical calculation of the carrier densities, electron and hole quasi-Fermi-levels, and
various radiative decay times in GaAs-(Ga,Al)As quantum wells is performed, under steady-state excita-
tion conditions, as functions of the cw laser intensity, temperature, well widths, and acceptor distribu-
tion in the well. We consider the radiative recombination of electrons with free holes and with holes
bound at neutral acceptors. Our calculations—which have no free parameters—are in quantitative
agreement in the intermediate laser-intensity regime at 7 =300 K with the results by Ding et al. [Appl.
Phys. Lett. 60, 2051 (1992)], who obtained the carrier density for multiple asymmetric coupled quantum
wells through a fitting procedure that reproduced the total experimental photoluminescence intensity.
Results for the carrier-dependent e-h recombination decay time are in good agreement with experimen-
tal data by Bongiovanni and Staehli [Phys. Rev. B 46, 9861 (1992)].

I. INTRODUCTION

The area of semiconducting heterostructures has been
intensively studied both theoretically and experimentally
in the last few years. Modern growth techniques such as
molecular-beam epitaxy (MBE) and metal-organic
chemical-vapor deposition (MOCVD) have made possible
the realization of high-quality samples with sharp inter-
faces, and controlled layer thicknesses. Carrier-
confinement effects in these systems give rise to a variety
of interesting phenomena in a much different range as
compared to bulk materials. Potential device applica-
tions in optoelectronics, for instance, make understand-
ing of the properties of semiconducting heterostructures
a field of considerable technological and scientific impor-
tance. Superlattices, multiple quantum wells, isolated
quantum wells (QW’s), and heterostructures of GaAs and
Ga,_,Al As constitute, for a number of reasons, the
most widely studied of these systems.

Photoluminescence (PL) is a powerful research tech-
nique in the understanding of the basic electronic proper-
ties of semiconductor systems.? Recombination pro-
cesses associated to PL experiments carried out by using
continuous-wave (cw) lasers or pulsed lasers in quasista-
tionary or steady-state conditions have received some at-
tention in recent theoretical and experimental work>®
on semiconducting heterostructures. Haug and Koch®
theoretically investigated Coulomb interactions in the
electron-hole (e-k) plasma of a semiconductor laser, and
studied the reduction of the band gap with increasing
carrier density, the e-h plasma screening of the Coulomb
potential, and the enhancement of the optical interband
transitions due to the attractive e-k interaction, and de-
rived a diffusion equation for the carrier density. No
comparison with experimental results is presented in
their work. An experimental work on quasi-two-
dimensional carrier systems of GaAs-(Ga,ADAs
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multiple-quantum-well structures was carried out by
Schlaad et al.* under quasistationary excitation condi-
tions using the pump and probe beam and luminescence
spectroscopy, with the density and the reduced band gap
determined via systematic evaluations of both gain and
luminescence spectra. Their study of the higher sub-
bands revealed that subband renormalization is due main-
ly to a direct occupation of the specific subband, and that
the intersubband effects via Coulomb screening are negli-
gible. The temperature dependence of the radiative and
nonradiative recombination time constants in GaAs-
(Ga,AlAs quantum-well structures were examined by
Gurioli et al.’ in PL experiments after both picosecond
and continuous-wave (cw) excitation. They claimed that
nonradiative processes play an important role and be-
come dominant for T>100 K, and that the radiative
time constant increases by several orders of magnitude as
the temperature is raised from 7 =4 K to room tempera-
ture. Bongiovanni and Staehli® investigated the density
dependence of the e-/ plasma decay time versus pair den-
sity in semiconductor quantum wells via a steady-state
PL experiment. They showed that only radiative e-h
recombination is important, and that nonradiative pro-
cesses and plasma expansion have negligible effects on the
total plasma lifetime. They also observed, at large plas-
ma densities, a strong nonlinear reduction of the e-h cap-
ture rate. Ding et al.” have studied multiple narrow
asymmetric coupled quantum wells (ACQW’s) at room
temperature, and obtained the intensity-dependent car-
rier density by a fitting procedure in order to reproduce
the experimental cw-laser PL total intensity. They found
that the dependence of the carrier density on laser inten-
sity undergoes a clear transition from linear to square
root for increasing laser intensities. In the case of
acceptor-doped semiconducting heterostructures, several
authors have treated the radiative recombination of
quasi-two-dimensional electrons with bound holes both
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theoretically®® and experimentally.!°

The purpose of this work is to study the laser-intensity
dependence of the radiative lifetimes, quasi-Fermi-levels,
and carrier densities in GaAs-(Ga,A)As QW’s under
steady-state cw-laser PL conditions via a quantum-
mechanical calculation of the above quantities for a
GaAs-(Ga,ADAs QW in a cw-laser PL experiment. Sec-
tion II presents our theoretical model for treating
quantum-well PL under steady-state excitation condi-
tions. Results and a discussion are presented in Sec. III,
and conclusions in Sec. IV

II. QUANTUM-WELL PHOTOLUMINESCENCE:
THEORY UNDER STEADY-STATE CONDITIONS

In general, when a physical system is irradiated with
light, the emitted optical radiation (photoluminescence)
results from the excitation of the system to a nonequili-
brium state.! For a semiconducting system, one may
essentially distinguish three processes, namely (i) absorp-
tion of the exciting light with creation of e-A pairs, (ii) ra-
diative recombination, and (iii) nonradiative recombina-
tion.

The final steady-state situation for the conduction-
band electron density will occur when the rate of creation
of photoexcited electron-hole pairs equates the rate of ra-
diative and nonradiative e-4 recombinations.

In this work, we are concerned with a single isolated
GaAs-(Ga,Al)As QW of thickness L excited by a cw laser
in a PL experiment. We consider acceptors as channels
for radiative recombination, as it appears that carbon ac-
ceptors are common in several nominally undoped QW
samples'® (high-quality samples would correspond to a
concentration of acceptors of about 10'*-10'3/cm?). We
follow Bongiovanni and Staehli® and Ding et al.,’ and
neglect Auger processes and excitonic recombination, al-
though in the low-temperature regime excitonic recom-
bination processes may be important, as we comment in
the discussion in Sec. III. Other mechanisms, such as
nonradiative recombination with interface traps (which
may be relevant in the high-temperature regime), spatial
diffusion, and drift,” will not be considered here. In what
follows, we will work within the effective-mass approxi-
mation and use the parabolic-band model for describing
both electrons and holes [for simplicity, we neglect the
effect of coupling of the top four valence bands!! of both
GaAs and (Ga,Al)As and consider one heavy-hole band
with a spherical carrier effective mass m, ~0.3m, which
gives a bulk value!? of 26 meV for the acceptor binding
energy'®]. We consider recombination of electrons in the
n =1 conduction subband with free holes in the n =1
valence subband, and with holes bound to neutral accep-
tors distributed homogeneously inside the QW. The ab-
sorption of the exciting light creates e-h pairs. The elec-
trons can emit photons by recombining with holes which
are either free or bound to neutral acceptors. The rate
equation for the change in the density of electrons per
unit of area is given by

dn,
dt

S0 Oy T Dy s ' (2.1)
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where © 4, w.,, and o, are the rate per unit area of in-
terband absorption, electron radiative recombination
with free holes, and bound holes, respectively. In the
steady state, the carrier density n, is determined by

0=yt 4 (2.2)

which gives a transcendental equation relating n, to the
laser intensity, and which should be solved numerically,
as we shall demonstrate below. The number of free holes
at the valence subband may be readily obtained via
charge conservation, if one takes into account the num-
ber of ionized acceptors, and therefore one may calculate
the chemical potentials (or quasi-Fermi-levels) for elec-
trons and holes and the various radiative lifetimes as
functions of the laser intensity, temperature, well widths,
and acceptor concentration. We now calculate the inter-
band absorption (w ,4) and recombination (., and . )
rates which appear in the above equations.

Let us consider the transition probability per unit time
for valence to conduction subband transitions which is
proportional to the square of the matrix element of the
electron-photon interaction H;,, between the wave func-
tions of the initial (valence) and final (conduction) states,
ie.,

_ 2 -\ |2
W—‘ﬁ—2_|(f|Him|l)| ME;—E;,—#o) , (2.3)
1
with H,,,=(eA,/myc)€-p, where € is the polarization
vector in the direction of the electric field of the radia-
tion, p is the momentum operator, —e and m are the
free-electron charge and mass, respectively, 4, is the am-
plitude of the photon vector potential,'* and #w is the
photon energy.

By considering transitions only between the n =1
valence and conduction subbands, summing over spins,
and taking the electric field of the incident light polarized
parallel to the interface of the QW, the rate per unit area
of creating electron-hole pairs by interband absorption of
photons from a cw laser is proportional to the intensity 1
of the laser and given by

HeD2, /2)

(m2 (i K £ DI f,(2) 2 T0(Fi0—¢,)
0

© 4 =4ma;,

(2.4)

where a, is the fine-structure constant, p. is the
conduction-valence-band reduced mass, n(w) is the re-
fraction index, p,, =|(s|p,|x )| is the interband!® matrix
element, { f,.(z)|f,(z)) is the overlap integral between the
electron and hole envelope wave functions in the QW,
6(x) is the Heaviside unit-step function, and ¢, is the
effective-band gap of the QW.

The radiative recombination of electrons in the n =1
conduction subband with holes in the » =1 valence sub-
band involves photons with wave vectors q in any direc-
tion, and one must sum in three dimensions over direc-
tions and polarizations. Therefore, the coefficient o, for
spontaneous emission, in units of photons per area per
second, is
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[
where A is associated to the two photon-polarization ) (e, /WkgT 5 5
directions, €,, and g,, are the x and y components of the To=2m7(gg) y=L5X104T/K) W/cm

polarization unit vector, ®’'=cq /7 and q are the frequen-
cy and the wave vector of the emitted photon, and

n.(k,)=1/(exp{[e (k) —pu,1/kzT}+1) (2.6)

is the occupation number of electrons in the conduction
subband, u, is the conduction-subband chemical poten-
tial, and e.(k;) is the electron kinetic energy in the xy
plane, with a corresponding expression for n,(k ) (the oc-
cupation number of holes in the valence subband). By
considering the densities per unit of area of electrons and
holes, respectively,

n,=2/Qm) [ d*%kn,(k,), 2.7
n,=2/m? [d%n,(k,), (2.8)
one arrives at
(e, Npk, /2)
oo =%as(e, /H gmécz
X fo (D f (2 *ngQ(n,,ny) (2.9)
where
w  [1H(1+y)NkpT /e,)x]
=["d , (2.10a)
Q(ne,my)= [ dx [Se*+1][oe’™+1] 2
with
ng=m.kpT /m#*=~2.4X10%(T/K) cm ™%, (2.10b)
8=1/[exp(n,/ny)—1]=exp(—u,/kgT) , (2.10c)
o=1/[exp(yn, /ny)—1]=exp(—u, /kzT) , (2.10d)

y=m,/m, and m, (m,) being the conduction- (valence-)
band effective mass. The density n;, of free holes at the
valence subband—which of course depends on
temperature —is determined by conservation of charge in
such a way that it is equal to n, plus the density of ion-
ized acceptors. Notice that the conduction- (valence-)
subband quasi-Fermi-level u, (u,) is measured from the
bottom of the n =1 subband. One should notice that the
quantities ny and n,/y essentially define the boundary
between the nondegenerate (n, <<ng or n, <<ny/y) and
degenerate (n,>>ng, or n, >>nqy/vy) electron- and hole-
gas regimes, respectively. Also, note that parameter
8 (o) gives a measure of the electron- (hole-) chemical
potential (in units of kg T) with respect to the conduction-
(valence-) band edge. Therefore, one may define a low-
intensity regime (for which n,, <<n,) as the nondegen-
erate regime for which Maxwell-Boltzmann statistics is
suitable, i.e., when the laser intensity I <<I,, with

3m2c?
(2.10e)

obtained by setting w , =w,,, with n, =n,. Alternatively,
the high-intensity regime I >>1, would correspond to the
degenerate regime for which one should use Fermi-Dirac
statistics. Also, we follow Ding et al.” and ignore the
difference between internal and external laser intensities
when comparing theoretical and experimental results.
Our results, therefore, are only determined within the or-
der of magnitude that the internal laser intensity I in our
equations should be adjusted in order to take into ac-
count reflection losses of the external pump laser radia-
tion.%7

For very low laser intensities, an important recombina-
tion process is the emission of photons due to electron
recombination with bound holes at acceptors. Assuming
a distribution of acceptors inside the GaAs QW, and fol-
lowing a similar procedure as in the recombination with
free holes, the rate per unit of area of radiative recom-
bination of electrons in the n =1 conduction subband
with holes bound at neutral acceptors is given by

16 n(eg)p2 /2)
a3 Nt T oy
X [ dz,J, 4(M,z)P(z)n 4[E 4(z,)] 2.11)
—Ln iYcA taad} i A A% ’ .
with
N%A,z;) , d’k,
Tea(hz)= N2 f o e KUKz Ky
X[e, —E 4(z;)+e (k)] (2.12)
and
K(zhk)= [d¥re™Pf(f e @3

where N 4 is the density of acceptors (number/cm?), P(z;)
is the probability distribution of acceptors, which we as-
sume constant within the QW, i.e., P(z;)=1,

nAlE  (z)]=2/{2+0 exp[—E 4(z,)/kzT]} (2.14)

is the probability distribution of having a hole bound to
an acceptor at z;, E ,(z;) is the acceptor binding energy,
N(A,z;) and A are the normalization and variational pa-
rameters of the acceptor envelope wave function, and N,
is the normalization factor for the envelope wave func-
tion associated with the first valence subband.!?

Finally, Eq. (2.2) should be supplemented by an equa-
tion determining the conservation of the charge, and re-
lating the density of electrons at the conduction subband
with the densities of holes at the valence subband and
ionized acceptors, i.e.,
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ny=n,+N, ffL/z/z{l—nA[EA(z,-)]}P(z,-)dz,- .

(2.15)

One should note that the above equation must be
solved simultaneously with Eq. (2.2) in order to obtain
the dependence on the laser intensity of the carrier densi-
ties, quasi-Fermi-levels for electrons and holes, and the
various radiative decay times. In general, the decay life-
time corresponding to each recombination process is
dependent on the laser intensity, or on the conduction-
subband carrier density, and provides quantitative infor-
mation on the relative importance of each recombination
mechanism. In Sec. III, we denote by T, =n, /o, the
lifetime of the electron radiative recombination with free
holes, by T, ,=n,/w., the decay time related to recom-
bination with bound holes at the acceptors, and by T,
the total decay time

V/To=1/Te,+1/T,, . (2.16)

III. RESULTS AND DISCUSSION

In what follows, calculations were performed for a
GaAs-Ga;_ Al As single QW, and we assumed that the
band-gap discontinuity in the heterostructure is distribut-
ed'®1” about 60% (40%) on the conduction (valence)
band with the total band-gap difference AE,, between
GaAs and Ga,_, Al As, given'? as a function of the Al
concentration x as AE,(eV)=1.247x. We have used
n(w)=n(e,)==3.5 for the index of refraction, and

E, (eV)=1.519—5.405X10*T?/(T+204)  (3.1)

for the temperature-dependent!® bulk GaAs gap. Also,
most of our results given for two typical QW widths,
namely L =5 and 10 nm, for low (7"=2 K) and high
(T=300 K) temperatures, for an Al concentration
x =0.3, and laser energy®’ #w=1.75 eV. Acceptor con-
centrations per unit of volume were considered to be
10'%-10'/cm?, or 10*/cm?® (for a high-quality sample).
The corresponding acceptor concentration per unit of
area would be given by N5 =LN ,.

The electron (n,) and hole (n,) densities at the con-
duction and valence subbands, respectively, are shown in
Fig. 1 as functions of the laser intensity, and for different
choices of the temperature, well widths, and acceptor
concentrations. At low T [see Figs. 1(a) and 1(c)],
n,=n,, since essentially no acceptors are ionized [cf.
Egs. (2.14) and (2.15)], and for N, ~10'°~10'"/cm?, one
clearly sees that the dependence of the carrier density on
the laser intensity undergoes a transition from linear (in
the low-intensity regime) to square root (as the laser in-
tensity increases), and to linear again (in the high-
intensity regime). This low-temperature behavior was al-
ready pointed out by Mahan and Oliveira:® at very low
intensities, i.e., n, /ny <<1, the densities of electrons and
free holes are very small, and most of the holes are bound
to acceptors, and therefore electrons essentially recom-
bine with bound holes, the carrier density being given by
equating w 4, =w,, =~n,(N% /ny), i.e., the density of free
electrons (and holes) is proportional to the laser intensity.
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In this regime, any acceptors that are ionized by recom-
bining with conduction electrons are quickly neutralized
by the capture of free holes; also, it is apparent that in-
creasing the concentration N, of acceptors leads to a
reduction in the carrier density. At intermediate laser in-
tensities, when n, > N3, recombination with free holes
according to Maxwell-Boltzmann statistics becomes dom-
inant, and the carrier density is given by o, =aw,,
~n,(n,/ny), with n, ~n,, and the carrier density exhib-
its a square-root behavior with the laser intensity. At
high laser intensities, i.e., n,/ny>>1, the electrons
recombine with free holes, but one uses Fermi-Dirac
statistics for the transition rate, w.,~n,, and the density
of free electrons (and holes) is again proportional to the
laser intensity.

For T=300 K [see Figs. 1(b) and 1(d)] and low laser in-
tensities, the electron density is very small, there are
practically no bound holes at acceptors [note that in this
regime and for the acceptor concentrations used,
ny, /ng <<1; cf. Eq. (2.14)], and therefore the hole density
n, essentially equals the number N5 of acceptors per unit
of area (i.e., n, does not vary approximately with the
laser intensity). In this regime, electrons essentially
recombine with free holes according to Maxwell-
Boltzmann statistics, n, is given by 4=,
~n,(N%5 /n,), and the density of free electrons presents a
linear dependence on the laser intensity. Notice that, in
this regime, although the linear dependence with the
laser intensity is the same as in the low-T case, the
recombination mechanism is different. For T'=300 K,
taking into account the fact that ny=~10'?/cm* (and
I,~10* W/cm?) is much larger than for 7=2 K [cf. Egs.
(2.10b) and (2.10e)], the behavior at intermediate laser in-
tensities is essentially the same as in the low-temperature
case, and therefore one also observes a transition from
linear to square-root dependence with intensity. For high
laser intensities, there are essentially no ionized acceptors
[notice that in this regime n,=n,, n, /ny>>1, and holes
bound to acceptors equilibrate with free holes despite the
large temperature; cf. Eq. (2.14)], and electrons recom-
bine with both bound and free holes, although again any
acceptors which are ionized by recombining with conduc-
tion electrons are quickly neutralized by the capture of
free holes; in this case, the carrier density is much larger
than the density of acceptors, the main channel of recom-
bination is with free holes, and follows Fermi-Dirac
statistics. For T'=300 K, this last regime can be reached
for very high laser intensities (such that n,/ny>>1) and
is not shown in Figs. 1(b) and 1(d); we shall discuss this
regime again below. Also, it is worth noting that our re-
sults depends only weakly on the QW width through the
matrix elements.

Figure 2 displays the dependence on the laser intensity
of the electron and hole quasi-Fermi-levels (or chemical
potentials) for different choices of well widths, and accep-
tor concentrations at low (7'=2 K) and high (7"=300 K)
temperatures. The electron (u,) and hole (u;) quasi-
Fermi-levels are calculated via Egs. (2.10c) and (2.10d),
ie.,

u,=kgTIn[exp(n,/ng)—1], (3.2a)
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wy=kgT In[exp(yn, /ng)—1], (3.2b)
and their variation with the laser-intensity may readily be
obtained through the dependence (on I) of the carrier
densities previously discussed. For T=2 K, and in the
low-laser-intensity regime (n, /ny, <<1), one therefore has
t.=kzT In(I/I,), where I, is a constant (for N ,50; n,
varies linearly with I), and p, =(kzT /2)In(1I /1,), where
I, is another constant (for N ,=0; n, has a square-root
dependence on I), with similar expressions for p,. This
behavior is clearly seen in the curves of Figs. 2(a) and
2(c), where the change of slope by a factor of 2 is ap-
parent when one goes from N , =0 to 10'7/cm?, or when
one goes from low to intermediate laser intensities for
doped QW’s. For high laser intensities (n,/ng,>>1),
n,=kpT(n,/ny)=exp[In(I /I.)], where I is a constant

. (@L=5nm,T=2K

re
- N, =10"%cm’ 3

Carrier Density (10" cm®)

-~
10" £ N,=10"/cm’ 3

10% 10™ 10° 10’ 10° 10° 10

Laser Intensity (W/cmz)

. () L=10nm, T=2K

Carrier Density (10" cm®)

10° 10’ 10° 10° 10*
Laser Intensity (W/cmz)
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and the quasi-Fermi-level increases exponentially (similar
results are valid for p;). Of course, the electron chemical
potential p, is always larger than the hole chemical po-
tential u, due to the differences between the electron and
hole effective masses.

In the high-temperature regime [T =300 K; see Figs.
2(b) and 2(d)], and for undoped QW’s and low (and inter-
mediate) laser intensities, n,=n,, n,/ny<<1, and
pe=(kpT /2)In(I/1I},), with a similar result for pu,,
whereas for doped QW’s, as n, is proportional to I,
1. =kgTIn(I/I,), and n, is practically constant with the
hole quasi-Fermi-level essentially unchanged as the laser
intensity increases. In the intermediate-laser-intensity re-
gime, results for doped QW’s are essentially the same for
N =0 as for n,~n,, with a square-root dependence on
the laser intensity, and therefore u,~(kyzT /2)In(I/I,),

10 T T

T T T

(b) L=5nm, T =300 K 1

Carrier Density (10" cm™)

10- L I\ 1l L 1
10" 10° 10" 10° 10° 10*
Laser Intensity (W/cm®)

Carrier Density (10" cm®)

10 10° 10° 10
Laser Intensity (W/cmz)

aal 4
! 10°

10

FIG. 1. Electron (hole) density for the n =1 conduction (valence) subband as a function of laser (fio=1.75 V) intensity for a
GaAs-Gag ;Alj 3;As QW with various homogeneous distributions N 4 of acceptor impurities inside the QW. Results are presented for
two well sizes L =5 [(a) and (b)] and 10 nm [(c) and (d)] and in the low- (T"=2 K) and high- (7'=300 K) temperature regimes. Curves

for the electron and hole densities at 7=2 K are essentially the same.



with a corresponding result for u,,.

The total e-h radiative recombination time (T, ), and
the e-h radiative recombination times with free holes
(T,,) and bound holes (T, ,) are given as functions of the
laser intensity (Fig. 3) and electron density (Fig. 4). The
total e-h recombination time was calculated via Eq.
(2.16), ie., T\ =T, T,/ (T,+T. ). As T.,=n,/eo
and T,,=n,/w.4, for T=2 K and low laser intensities
(n,/ny<<1),T,,~1/n, [cf. Figs. 4(a) and 4(c)], and
therefore T,,~1/I for doped QW’s and ~1/I'"? for
N ,=0 [cf. Figs. 3(a) and 3(c)], whereas T, , (for N ,+0)
is essentially constant (there are no ionized acceptors and
. 4=n,) and inversely proportional to the number of ac-
ceptors per unit of area N5 for all laser intensities. For
high laser intensities (1 >>300 W/cm?; n,/ny>>1), the
conduction-electron gas is degenerate, w., ~n,, and T,
tends to a limiting value. For 7T7=300 K, and low laser
intensities (cf. Figs. 3 and 4), the behavior of the

electron—free-hole recombination time is T, ~1/n, for
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undoped QW’s, the same as in the low-temperature re-
gime, whereas T, is essentially constant for acceptor-
doped samples, due to the fact that there are practically
no bound holes at acceptors, and the number of holes at
the valence subband is independent of the laser intensity.
In this regime, as w.,=~n,, then T,, is essentially con-
stant. In the high-temperature case, as the laser intensity
increases, one reaches the regime (for intermediate laser
intensities, i.e., I~10°-10* W/cm?) for which n,=n,
(see Fig. 1), and therefore the result for electron-—free-
hole recombination time T, for doped samples tends to
be the same as values obtained for undoped QW’s (cf.
Figs. 3 and 4). For intermediate laser intensities and
T=300 K, the electron—bound-hole recombination time
T, 4 decreases with laser intensities as o, 4 ~N5n,n,, and
T,, is inversely proportional to the product N5n,. No-
tice that this intermediate-laser-intensity regime occurs
roughly for laser intensities such that N5 <n, <n,, and
therefore it depends on the temperature and concentra-
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FIG. 2. Electron (hole) quasi-Fermi-levels for the n =1 conduction (valence) subband as a function of laser (%iw=1.75 eV) intensi-
ty for a GaAs-Gag ;Aly 3As QW in the undoped case (full curves) and for a homogeneous distribution N , = 10'"/cm? of acceptor im-
purities inside the QW (dashed lines). Results are presented for two well sizes L =35 [(a) and (b)] and 10 nm [(c) and (d)] and in the

low- (T'=2 K) and high- (T=300 K) temperature regimes.
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tion of acceptors. For high temperatures, as the laser in-
tensity further increases, the conduction-subband disper-
sion €.(k ) and K(z;,A, k) [see Egs. (2.11)-(2.13)] depen-
dences on k, become important in the evaluation of o, 4
due to the recombination of large wave-vector electrons
such as n,/ny>>1. In this case, one may show that the
rate per unit of area of radiative recombination of elec-
trons with bound holes at acceptors, w, 4, is essentially
independent of the laser intensity (and of n,), and there-
fore T, ,~n,, as clearly seen in Fig. 5(b) for N , =10
and 10"/cm’. The importance of a proper description of
the conduction-subband dispersion €,(k ) in the calcula-
tion of the radiative recombination of electrons with free
holes w,, is also clearly seen in Fig. 5(c) by comparing the
full curve for the total decay time 7., with the dotted-
dashed curve which was calculated by ignoring the
dispersion with k£, in the linear term of Eq. (2.10a). The
results in Fig. 5 are for T=155 K, and an L =122 A
GaAs-Gag 17Aly ,3As QW, appropriate for calculating the

Lifetime (ns)
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e-h total recombination lifetime, and comparing with ex-
perimental results by Bongiovanni and Staehli® for K:!
high-quality quantum structure consisting of six 122-A-
wide wells of GaAs separated by 180-A-wide barriers of a
Gag 77Aly 53As alloy. Notice that our theoretical results
for the total radiative recombination lifetime are in good
quantitative agreement with the experimental data,’
whereas the calculated results ignoring the linear term of
Eq. (2.10a) lead to a saturated value of the recombination
lifetime, a behavior also obtained in the calculation by
Bongiovanni and Staehli.® In this regime (high tempera-
ture and laser intensities, and n,/ny>>1), the main e-h
recombination channel is with free holes, and one must
use  Fermi-Dirac  statistics, and o, =(n,/ny)
+a(n,/ny)?, where a=kpg T/2e, and T, =1/[1
+aln,/ny)].

In Fig. 6, the density of electrons (per unit of volume)
in the conduction subband is shown as a function of the
cw laser intensity for an L =6.5 nm GaAs-Ga, ¢Al, ,As

10° . . . . . g
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FIG. 3. Laser-intensity dependence of radiative lifetimes for e-h pair recombination for a GaAs-Ga, ,Al, ;As QW with various
homogeneous distributions N 4 of acceptor impurities inside the QW. The lifetime of the electron radiative recombination with free
holes is denoted by T, that with holes bound at neutral acceptors by T.,, and the total radiative lifetime by T,,. Results are
presented for two well sizes L =5 and 10 nm and in the low- (T=2 K) and high- (7=300 K) temperature regimes.



QW at T=300 K. We performed the calculation for
both undoped and doped (N ,=10'"%/cm?® QW’s. The
widths of the GaAs QW and the concentration of accep-
tor impurities were chosen in order to model the QW
structure studied by Ding et al.;’ of course, as they have
studied undoped multiple narrow ACQW’s, and we are
considering a single isolated QW, our results should be
compared to theirs in a qualitative way. One clearly sees
from Fig. 6 that by considering a concentration of accep-
tor impurities one has more radiative decay channels,
which leads to a decrease in the steady-state electron den-
sity in the conduction subband. Also, it is apparent that,
for N 4= 10'%/cm?, the dependence on laser intensity un-
dergoes a clear transition from linear to square root. For
very low laser intensities, where the density of electrons is
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very small, most of the acceptors are ionized, and elec-
trons in the conduction subband emit photons by recom-
bining with free holes: the electron density at the con-
duction subband is essentially given by equating o 4 =w,,
with @, proportional to n, (and to n, =N ), and there-
fore the carrier density is proportional to the laser inten-
sity. When the laser intensity increases (with a corre-
sponding increase in the free-electron and hole densities),
the steady-state carrier density in the conduction sub-
band becomes proportional to the square root of the laser
intensity, as n, =n,. One should notice that our calcula-
tion for N ,=10/cm? compares well with the experi-
mental results of Ding et al.” in the intermediate-laser-
intensity regime (I > 10> W/cm?). Although at very low
laser intensities, we found the same carrier-density linear
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FIG. 4. Electron-density dependence of radiative lifetimes for e-h pair recombination for a GaAs-Ga, ;Aly 3As QW with various
homogeneous distributions N, of acceptor impurities inside the QW. The lifetime of the electron radiative recombination with free
holes is denoted by T, that with holes bound at neutral acceptors by T, 4, and the total radiative lifetime by T,,. Results are
presented for two well sizes L =5 and 10 nm, and in the low- (T'=2 K) and high- (7= 300 K) temperature regimes.
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dependence on intensity due to radiative recombination
of electrons with free holes influenced by the presence of
ionized acceptors (notice that several nominally undoped
GaAs-(Ga,A)As QW samples'® have presented extrinsic
photoluminescence due to carbon acceptors), in the work
of Ding et al.” recombination mechanism is dominated
by nonradiative recombination of free carriers at nearly
saturated interface traps. As argued by Ding et al.,” this
mechanism is dominant in the low-laser-intensity regime
and is responsible for the dependence of the photo-
luminescence intensity on the laser intensity undergoing a
transition from square-law to linear dependence as the
laser intensity increases. One should point out that in the
case of Ding et al.,” one would not observe the acceptor
extrinsic photoluminescence feature at 7=300 K, as
most of the acceptors are ionized at the laser intensities
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considered (I <135 W/cm?).

In the discussion of our results for carrier densities, ra-
diative lifetimes, and quasi-Fermi-levels, excitonic pro-
cesses were not considered, although excitonic recom-
bination should be important at low temperatures. Ac-
cording to Gurioli et al.,’ at low temperatures it is im-
portant to consider the recombination process involving
excitons localized at crystal defects. Pickin and David,?!
Ridley,22 and Ping,23 among others, have modeled the
exciton-formation process via a recombination term of
electrons and holes proportional to their joint density, or
o, ~n,n,. Bastard" has discussed the relative impor-
tance, at low temperatures and with increasing laser in-
tensity, of the electron recombination with bound holes
as compared with excitonic recombination. According-
ly,>*'72% when excitonic processes are dominant (with
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FIG. 5. Results for an L =12.2 nm GaAs-Gag ;Aly ,3As QW with various homogeneous distributions N 4 of acceptor impurities
inside the QW: (a) electron (hole) density vs laser intensity; (b) electron-density dependence of radiative lifetimes for e-h pair recom-
bination. The lifetime of the electron radiative recombination with free (bound) holes is denoted by T, (T, 4), and the total radiative
lifetime by T; and (c) total radiative lifetimes vs electron density, with experimental results by Bongiovani and Staehli (Ref. 6)
represented by squares, and dotted-dashed curve corresponding to theoretical lifetime results calculated for an undoped QW by set-
ting to zero the linear term in Eq. (2.10a). All results are shown at T=155 K.



48 RADIATIVE LIFETIMES, QUASI-FERMI-LEVELS, AND . ..

10 — T : .
. L=6.5nm, T =300 K
10° 5
€
(&)
o 10° k
=
‘@
&
& 10}
8
< ——~N,=0
O A
10° —— N, =10"%cm’ .
"""""" expt
10'1 1 1 1 1
10 10° 10’ 10° 10° 10*

Laser Intensity (W/cmz)

FIG. 6. Electron density at T=300 K for the » =1 conduc-
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purities inside the QW (full line). The dotted curve corresponds
to the experimental results by Ding et al. (Ref. 7). Note that

the electron density is now given in cm 3.

low concentration of impurities, low temperatures, and
not too high optical excitation conditions), the behavior
of laser intensity with carrier densities, radiative life-
times, and quasi-Fermi-levels calculated in this work may
be substantially affected (in this regime, for instance, the
carrier density should behave as the square root of the
laser intensity). Therefore, we would like to emphasize
that as we have not taken into account excitonic process-
es, the results of this work in the low-temperature range
and for low laser intensities (I <<I,) should be viewed
with caution, since in this regime excitonic recombina-
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tion may be important.>'>?"2 In the high-laser-
intensity regime, the screening of the Coulomb interac-
tion leads to exciton ionization, and excitonic processes
may be neglected.?

IV. CONCLUSIONS

Summing up, quantum-mechanical calculations of the
carrier densities, electron and hole quasi-Fermi-levels,
and various radiative decay times in GaAs-(Ga,Al)As
quantum wells is performed, under steady-state excitation
conditions, as functions of the cw-laser intensity, temper-
ature, well widths, and acceptor distribution in the well.
We consider radiative recombination of electrons with
free holes and with holes bound at neutral acceptors. To
our knowledge, this is the first calculation which consid-
ers the effects of temperature and of the acceptor distri-
bution in the well. Results for the carrier-dependent e-h
recombination decay time are in good agreement with ex-
perimental data from Bongiovanni and Staehli.® Our
calculations—which have no free parameters—in the
intermediate-laser-intensity regime are in quantitative
agreement at T=2300 K with the results by Ding et al.,’
who obtained the carrier density for multiple ACQW’s
through a fitting procedure which reproduced the total
experimental PL intensity. For low temperatures, there
are no experimental results to compare with our calcula-
tions, which show three different behaviors of the intensi-
ty dependence of the carrier density for N, ~10'%/cm?
(although these results should be viewed with caution, as
no excitonic recombination processes are included in our
calculation).
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