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Intersubband Auger recombination and population inversion in quantum-weii subbands
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The intersubband-Auger-recombination time of electrons under population-inversion conditions
in a single quantum well is calculated by taking into account momentum- and energy-conservation
rules, and by employing Fermi-Dirac statistics. The screened matrix element of the electron-
electron interaction and the overlap integral are calculated for an infinitely deep quantum well. The
results are in a good agreement with published experimental data. As a major nonradiative process,
the Auger recombination is related to threshold current of infrared lasers based on intersubband
transitions in quantum-well structures. The realization of these devices and other limitations to
achieving population inversion are discussed. In view of the results, development of these lasers for
emission wavelengths corresponding to energies below the LO-phonon energy seems feasible.

I. INTRADUCTIAN

Transition mechanisms between subband levels of
confined carriers in semiconductor quantum-well struc-
tures (QWS) have attracted the attention of many investi-
gators. Direct-absorption experiments between subbands
with energy separation corresponding to wavelengths in
the range of 4.4—10 pm (Refs. 1 —5) demonstrated large
values of dipole moment and oscillator strength. Recent-
ly, several authors ' proposed QWS's where population
inversion between the first and second subbands can be
obtained, and hence stimulated emission in the infrared
may be possible. Analysis by Yuh and Wang, for a 10-
pm transition wavelength, shows that an appreciable gain
value of 1500 cm ' may be achieved. The main advan-
tages of these QWS's are the possibility of tuning the
transition energy by changing the well width and depth
and pumping by electrical-current injection. In particu-
lar, QWS's with wide wells may also provide a solution
for realizing solid-state lasers operating at wavelengths in
the far infrared (FIR), A, -100 pm. In order to evaluate
the threshold current of such a laser system and to find
its possible operating-wavelength range, it is necessary to
have a good knowledge of the fundamental, nonradiative
processes which are involved in the intersubband-
transition process. It is expected that, as is true with con-
ventional narrow-band-gap-semiconductor lasers, the
nonradiative-recombination rate in a degenerate
quantum-well envelope-state transition' (QWEST) laser
system may be dominated by Auger processes.

Although the broad bandwidth of the measured ab-
sorption indicates a lifetime of less then 0.1 psec, direct,
time-resolved experiments reveal much longer transition
tirries. The broad bandwidth is due to the fast dephasing
time, which is a result of the intrasubband e-e and
e —acoustic-phonon scattering. In considering the magni-
tude of the current which is associated with the various
transitions in a QWEST laser device, the intersubband
transition time is the important factor. Intersubband re-
~::~xation time of the order of 10 psec, at 300 K, has been
me', sured in a QWS with subband splitting corresponding

to a wavelength of about 8.3 pm. The experiment was
performed by means of an infrared bleaching technique
with picosecond time resolution. The relaxation time is
relatively short due to the fast e —polar-LO-phonon in-
teraction. Relaxation times have been measured also in a
wide quantum well, with energy separation smaller than
the energy of an optical phonon. '" In this experiment, by
using picosecond Raman spectroscopy, the total
intersubband-transition time was found to be about 325
psec. Our results here show that the Auger relaxation
mechanism is significant for energies below the LO pho-
non and therefore important in explaining this experi-
ment.

Calculation of the intersubband Auger recombination
in superlattices has been reported, " and there are also
several theoretical investigations of Auger recombina-
tions in QWS's (Refs. 12—16) all of which are expected to
be applicable to a QWEST. However, with the exception
of the early work by Chiu and Yariv, ' none of them
treated the problem of a degenerate electron system.
Also, in more recent works by Smith et ah. ' and Basu, '

it was recognized that simplified treatment of the
confined envelope wave function in the matrix element
can cause errors of more than 2 orders of magnitude.
With the attention here on a single quantum well, we
solve the problem of a degenerate electron gas and show
that it is important to use Fermi-Dirac statistics in a situ-
ation where the Fermi energy of the electron gas in the
upper subband is of the order of the subband splitting en-
ergy.

We also discuss other limitations that are intrinsically
imposed on the degree of population inversion while real-
izing laser devices. Our results encourage the develop-
ment of infrared lasers based on a QWEST for emission
wavelengths corresponding to energies below the energy
of the LO phonon.

II. MADEL

In our model, we assume that population inversion ex-
ists between the first and second subbands and consider a

10 852 1989 The American Physical Society



39 INTERSUBBAND AUGER RECOMBINATION AND POPULATION. . . 10 853

single Auger process [Fig. 1(a)]. An electron in the
second subband relaxes into an empty state in the first
subband, while an electron of opposite spin is excited
within the second subband from state 2 to state 2'. We
also consider the impact-ionization process [Fig. 1(b)],
which is the inverse of the Auger process. We neglect in-
teraction with other subbands [Fig. 1(c)], an assumption
that is justified in cases where the Fermi energy is smaller
than the splitting energy. This, of course, sets an upper
limit to the electron density in the upper subband in
which our model is valid, above which relaxation times
become shorter. Another possible process is described in
Fig. 1(d), however, the process is not significant in situa-
tions where the lower subband is relatively empty. We
also neglect the nonparabolicity of the conduction band
and assume that the two subbands are characterized by
the same effective mass. The parameters used in the cal-
culations are those of GaAs: e, =12 and m *=0.065m, .

A. Matrix element

The matrix element of the screened electron-electron
pair interaction is expressed as'

exp( —k, ~r, —r2~ )

4~a,e„~r,—r, ~

X% )(r, )%'2(r2)dr, dr&,

where k, is the inverse of the screening length as dis-
cussed below. We take the wave functions to be those of
an infinitely deep potential well, which is a good approxi-
mation for wide wells. In a quantum-well sample of area
A and well width I. , the wave functions are

Energy

512 F

(a) Auger process with the
two interacting electrons
in the second subband.

(g) Impact ionization
process.

(c) Auger process with
three subbands involved.

(d) Auger process with the
two interacting electrons

in the first and second
subbands.

FIG. 1. Schematic description of the various electron-electron scattering processes which are involved in intersubband transition.
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1
[u,'+'(r)exp(ik, Iz )

(AL )'

+u& '(r)exp( —ik,rz)]e (2)

the z component of the Fourier transform of the
Coulomb interaction:

{n, m, q, I =H(k,„—k, +q, )+H( —k,„+k, +q, )

+„{1',l, q, I {2',2, —q, I

Ik, , —k, I +q, +k,
(3)

The terms in the curly brackets denote the overlap in-
tegral between the 2D subband envelope functions and

Outside the well, 4;(r)=0. In subband l, k,I=le/L.
and uI'+' ' are the periodic parts of the Bloch functions.
k is the two-dimensional (2D) wave vector in the plane of
the well and p is the 2D position vector. In our calcula-
tion of the matrix element, we make use the results of
Smith et al. ' and modify them to include screening:

8 27TM=, , 5(k, —k, +k, —k, )
4meOe„L 2 g 2

+H( —k,„—k, +q, )+H(k,„+k, +q, ),

where H(p) =L sin(pL /2)/(pL /2). A standard
method of dealing with the overlap integral is through
the momentum-conversation approximation (MCA), '

leaving only selection rules for the interaction. However,
the intersubband interaction discussed here is one of the
cases where the MCA does not hold. Under the MCA,
intersubband interaction is prohibited and thus we have
to perform a more exact calculation of these overlap in-
tegrals. The multiplication of the overlap integral in (3)
gives

{1',l, q, I {2',2, —q, I =2sin(q, L ) +2 1

q, L 4m. +q, L
1

4m —q, L„

m. —q, L 3~—q, L
2

3a+q, L

and is plotted in Fig. 2. From this result it is seen that
screening must be introduced, otherwise (i.e., if k, =O),
the matrix element in Eq. (3) will diverge at k2 —k2=0.

The inverse of the screening length is given by'
2

k, '=- ff (k)[l —f(k)]dk, (6a)
roe„k~ T L (2~)2

where kz is the Boltzmann constant, T is the tempera-

2

k, = n

k~ T4m roe, L (6b)

And for the degenerate case, we use the approximation

ture, and f is the Fermi-Dirac distribution. In the calcu-
lations here we use two approximations of (6a). For low
electron density and high temperature, we use the Debye
screening:

2I e n

4 ITGOE r

1/3

(6c)

0.5—

For a given temperature and 2D-electron density n, we
take the smaller screening length of the two.

We note that in contrast to calculations of band-to-
band Auger transition, knowledge of the periodic part of
the wave function is not essential, since the initial and
final Bloch functions are of the conduction band, and
therefore identical, the intergration over that part of the
matrix element yields unity.

L
q (1/L ) B. Transition rate

The net rate of the Auger transition (i.e., compensated
by the impact-ionization process) can be written as

4

FIG. 2. The overlap integral I', dimensionless), as a function of
the z component of the Fourier-transformed Coulomb interac-
tion [Eq. (5)].

2m

x f IM I P„,2, 5(k, —k, , +k2 —k~)

x5(E/ E, )d k, d k~d k, ,d —k~, ,
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where P».22. is the probability factor:

Fll'22' fif2(1 —f i )(1—f2 )

—f i f2 (1 f—
i )(1 f—

2 ) .

k 2
=

—,
'

I k 2cosg2 —k, cosP,

+[(kicosfi kpcos$2)

+2k, +4k, k2cos(P, —P2)]' (9)

k, , =k2, +kz+k, —2k, k2cos($, —Pz)

—2k&, kzcosgz+2kikz costi, (10)

where k, =(2 mE, /A' )'~ and Pi, Pz are the angles of
kI,k2, respectively, relative to k2. By transforming the
integral in (7) into the energy representation, one obtains

4

x f dE f dE f dpi f
and the Auger-recombination time is defined as

712 72O n2
A& (12)

where no is the equilibrium value of the density.
In the framework of Fermi's golden rule, Eq. (11),com-

bined with the conservation rules (9) and (10), is exact
and is also relatively easy. to calculate numerically.

III. RESULTS AND DISCUSSION

A. Auger-recombination rate

We discuss first the solution of (11) with constant ma-
trix elements, in order to find the dependence of the prob-
ability factor on the transition energy. Referring to inset
(a) of Fig. 3, it is seen that all possible final states (2') of
the interacting electrons are occupied since energy con-
servation forces the energy of states 2' to be
E2+E, —E, —E,. —E, which is belo~ the Fermi energy.
Therefore, unless the initial energy Ez is about the Fermi
energy, Auger transition is not allowed and P, ]22 0.
On the other hand [inset (b) of Fig. 3], in a system where

f; is the Fermi-Dirac distribution function in state i,
f; =

I 1+exp[(E; F&)—/keT]I ', and F& is the quasi-
Fermi-energy in subband l and is related to the 2D-
electron density n& by F& =E& + k~ T in[exp( n, /
Dke T ) —1], where D is the 2D-electron sheet density of
states D=m'/vrfi . In the approximation where the
quantum well is infinetely deep, the splitting energy is re-
lated to the well width by E, =3/2m*(M/L ) . The
two interacting electrons in the initial states have 2D
wave vectors k&, k2, and kinetic energies
E

$ 2 Et +A k i p /2' *
~ The constraints set by energy

and momentum conservation determine the final energy
and 2D k vectors:

q, 1.0
E

~ha

E 0. 1-
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N
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O
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Energy (e V)
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FIG. 3. Normalized intersubband Auger recombination time
as a function of the subband splitting energy. The matrix ele-
ment in the calculations is taken as a constant and n2 =10'
cm, n

&

= 10' cm . These results demonstrate the significant
dependence of the transition rate on the probability factor
P& ~ 22 . (a) Splitting energy smaller than the quasi-Fermi-energy
of the second subband. Depicted Auger transition is virtually
prohibited at low temperatures (i.e., P» z& is negligible), result-
ing in long Auger-recombination time. (b) Splitting energy
larger than the quasi-Fermi-energy of the second subband. De-
picted transition is allowed (i.e., P»» is large), resulting in the
shortening of Auger-recombination time as compared to (a).

the Fermi energy is the same but with much higher split-
ting energy, interaction is possible for electrons with any
initial energy E2. It is concluded then that in the latter
case the integral over Ez in (11) will yield a higher total
Auger-transition rate and it also explains the trend of the
recombination time shown in Fig. 3. This result is in
contradistinction with that obtained while solving the
Auger-transition rate with nondegenerate statistics. In
that approach, a probability factor for the most probable
transition (where the initial states of the interaction are
near Fermi energy) replaces the integral over all partially
probable transitions. It is thus obvious that when the
Fermi energy is of the order of the splitting energy, this
approximation is no longer valid.

Calculations results of the Auger-recombination time
as a function of the splitting energy, for two di6'erent
temperatures and electron densities, are shown in Fig. 4.
From these results it is seen that the Auger-
recombination time is not a sensitive function of tempera-
ture, and that at low splitting energies it also becomes
less sensitive to the injected electron density. However,
we note that Eq. (11) yields accurate results for a limited
range of the electron-density value. For example, for
a 10' cm electron density and D =2.72 X 10'
eV ' cm, the Fermi energy is —37 meV, and, there-
fore, below E, -60 rneV processes of the type described
in Fig. 1(c) will also take place, and thus the actual
recombination time will become shorter. For 10» cm
the model is accurate down to E, -6 meV.

We now compare the calculation results to the relevant
experiment, where E, is sufficiently small so that there is
no LO-phonon-assisted recombination. ' The reported
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FIG. 5. Schematic structure depicting the basic principles of

creating population inversion in quantum-well subbands by
current injection.

FIG. 4. Intersubband Auger-recombination time as a func-
tion of the subband splitting energy. Calculation includes de-
tailed calculation of a the matrix element. The various parame-
ters of each curve are (a) n2 = 10" cm ', T =5 K; (b) n2 =10"
cm, T=40 K; (c) n2=10' cm, T=5 K; (d) n& =10' cm
T =40 K. In all the calculations n 1 is taken as 10' cm

+21 +r ++Au ++ (13)

where ~„ is the radiative lifetime of the second subband
and ~ is the lifetime component associated with the
acoustic-phonon-assisted recombination. The experimen-
tal parameters are within the scope of our model, and un-
der similar parameters we obtain an (Fig. 4) Auger-
recombination time of -600 psec. As for ~, calculation
of intrasubband electron —acoustic-phonon-scattering
time in Ga, Al As heterostructures gives about 400
psec. ' Intersubband scattering, however, involves multi-
phonon scattering as well as scattering of phonons with
large momentum values. This makes the phonon-assisted
intersubband-relaxation time much longer. The
radiative-recombination time consists of interband and
intersubband components. The intersubband component
is given by

ne 217
IJ

pipe'pA, c

With the GaAs inter subband-oscillator strength of
f,2 —15 (Ref. 1) and refraction index n —3.3 at
A, =46.3 pm, the intersubband recombination time of 0.7
@sec is too long to be important. In a photoexcited situa-
tion, as is the case in the discussed experiment, the inter-
band radiation is much faster, but is estimated to be
longer than 7SO psec. ' All these recombination time
values can adequately explain the experimental result.

B. Stimulated emission

With the model structure shown schematically in Fig.
5, we discuss the realization of population inversion in

experimental parameters are for Gap 7Alp 3As/GaAs
multiple-quantum-well structure, with a well width of
215 A and splitting energy E, =26.8 meV. The reported
electron density is 4 X 10"cm, corresponding to a Fer-
mi energy of 15 meV. The experimental result of 325
psec is composed of three components:

QWS's. A feature common to all the devices proposed is
current injection by resonant tunneling from one side of
the active layer to the upper subband, and resonant tun-
neling from the lower subband to the other side of the ac-
tive layer. For a population inversion to take place, it is
ideally required that there will be tunneling only in a nar-
row energy band, centered in each subband energy. In a
realistic situation, however, leaky nonresonant tunneling
of electrons from the upper level to the adjacent layer
also exists. This efFect can be described by the following
set of simplified rate equations:

dn2 J n2

dt e 12
(15a)

dn1

dt
n2 tl1

+21 +t1
(15b)

where J is the current density, ~, 1 is the time required for
an electron to tunnel from the lower subband to the adja-
cent layer, and ~,2 is the leaky, nonresonant tunneling
time. In a steady-state condition the population inver-
sion 1s

J ~t2
n2 n1=

&12+&2]
21 tl ) (16)

n2 n1

From this analysis we see that the leaky tunneling may
set a severe limitation on the obtainable population inver-
sion. Leaky tunneling is mainly a result of phonon-
assisted tunneling or tunneling assisted by inelastic
scattering from potential fluctuations that are present,
e.g., because of rough interfaces and impurities. Leaky
tunneling may be reduced by low-temperature operation
and good control of the growth conditions. If we assume
that leaky-tunneling time is given by the peak-to-valley
ratio times the resonant tunneling time of a resonant tun-
neling diode, we obtain ~,2) 300 psec. Under these con-
ditions, for a current density of J=1000 A/cm, popula-
tion inversion of 10' cm may be achieved. Although
the quantum efficiency defined by g =r„,/(r„, +r„),
where ~„, includes contributions of all nonradiative pro-

In a situation where ~2, &&&,2 and also ~2, ))~,1, we ob-
tain
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cesses, i.e Tzz 7&2 +'TAU'+7p ', at A 100 pm is low,
g-10, complete evaluation of threshold current for
lasing has to take into account the balance of gain to ab-
sorption in any particular wavelength. Our calculations
for this system give gain values in excess of the absorp-
tion, with reasonable current densities. Once the current
is above threshold the quantum eKciency increases
abruptly due to the short stimulated emission recombina-
tion time.

IV. CONCLUSIONS

We have calculated the Auger-recombination time of
electrons under population inversion in quantum-well
subbands as a function of the splitting energy. We have
taken into account Fermi-Dirac statistics and have
shown the importance of this approach in cases where
the splitting energy is comparable to the Fermi energy
and have found that Auger processes are long enough to
allow a high degree of population inversion. We have

also shown that leaky, nonresonant tunneling is the dom-
inant competing process to radiative transitions in sys-
tems driven by injected current. However, high gain
values of these transitions makes laser operation possible
even in energies below the LO-phonon energy (i.e.,
A, -100 pm). We expect the devices to be sensitive to
temperature mainly because of the leaky currents, where
phonon-assisted tunneling plays a major part.
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