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Microscopic theory of optical nonlinearities and spontaneous emission lifetime
in group-III nitride quantum wells
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Microscopic calculations of the absorption and luminescence spectra are presented for wide bandgap
Ga12xInxN/GaN quantum well systems. Whereas structures with narrow well widths exhibit the usual
excitation-dependent bleaching of the exciton resonance without shifting spectral position, a significant blue-
shift of the exciton peak is obtained for wider quantum wells. This blueshift, which is also present in the
excitation-dependent luminescence spectra, is attributed to the interplay between the screening of a strain
induced piezoelectric field and the density dependence of many-body Coulomb effects. The calculations also
show an over two orders of magnitude increase in the spontaneous electron-hole-pair lifetime with well width,
due to the reduction of the electron-hole wave function overlap in the wider wells. The resulting decrease in
spontaneous emission loss is predicted to lead to improved threshold properties in wide quantum well lasers.
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I. INTRODUCTION

The physical properties of wide bandgap group-
quantum-well systems are currently under intense invest
tion, mostly because of their substantial application poten
as light emitters and semiconductor lasers in the ultravi
to blue-green wavelength region.1 Additionally, these mate-
rials exhibit interesting excitation dependent nonlinear
havior due to the intricate interplay between the strong
tractive electron-hole Coulomb interaction, which lead
significant excitonic signatures in the optical spectra, and
quantum-confined Stark effect caused by piezoelectric fie
Such fields are present, for example, in wurtz
Ga12xInxN/GaN systems because of the strain induced
tice mismatch.2 The relative magnitude of excitonic and pi
zoelectric effects depends sensitively on quantum-well wi
and plasma density, because of many-body interactions l
ing to effects including screening, dephasing, bandgap re
malization, and phase-space filling.3,4

In this paper, we present a theoretical investigation of
intricate interplay of the different nonlinear effects and stu
their influence on the absorption and luminescence spe
as well as intrinsic spontaneous carrier lifetime. For this p
pose, we use a previously developed microscopic theory
the excitation-dependent optical response.4 This theory is
based on the semiconductor Bloch equations,3 where the
damping and dephasing processes are treated at the lev
quantum kinetic theory. Such an approach has several ad
tages over the more familiar calculations based on the re
ation rate approximation.5–7 It eliminates the dephasing rat
as a free parameter, and therefore gives more precise pr
PRB 600163-1829/99/60~3!/1947~6!/$15.00
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tions of optical properties. Equally important, it includes
important piece of physics involving contributions from no
diagonal Coulomb correlations. These contributions, wh
are unique to semiconductor systems and neglected in re
ation rate treatments, are found to be important in describ
the experimental shape and carrier density dependenc
absorption and gain spectra in conventional III-V lasers.8

The theoretical approach is described in Sec. II, where
show the adaptation of the general theory to the treatmen
our particular problem. Basically, some simplifications a
possible because our investigation is limited to the lin
optical response to a probe beam in the presence o
electron-hole plasma. On the other hand, the details of
multiband bandstructure has to be included, because we
comparing different quantum well structures. Also discuss
in this section is the treatment of the quantum-confined S
effect in the bandstructure calculations. Section III prese
absorption and spontaneous emission spectra that are c
lated with the theory described in Sec. II. By comparing t
absorption and emission spectra for two InGaN/GaN qu
tum well structures of very different well widths, we sho
the interplay of bandstructure and Coulomb effects. In p
ticular, we see in wide quantum well structures, where
quantum-confined Stark effect is appreciable, an absenc
the usual strong cancellation of competing many-body
fects that is responsible for the carrier density independe
of the excitonic peak position during the bleaching of t
resonance. Because shifts in the exciton resonance with
citation are very rare,9 examples of exceptions are alway
interesting and noteworthy. The same interplay of bandstr
1947 ©1999 The American Physical Society
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ture and Coulomb effects also leads to significant variation
oscillator strength with carrier density and quantum w
configuration. One result is a strong dependence of the s
taneous emission lifetime with quantum well width, whic
we discuss in Sec. IV. The calculations show that as muc
two orders of magnitude difference in the spontane
electron-hole-pair lifetime is possible with quantum w
width ranging from 2 to 4 nm. The implications of the r
duction in oscillator strength to laser behavior are also d
cussed. Finally, we summarize our results in Sec. V.

II. THEORETICAL APPROACH

From Maxwell’s equations, the linear absorption expe
enced by a plane wave optical field is~in MKS units! ~Ref.
3!

a~v!5
v

«0ncE
Im P, ~1!

whereE andv are the electric field amplitude and frequen
of the optical wave,«0 andc are the permittivity and spee
of light, respectively, in vacuum, andn is the background
refractive index. According to semiclassical laser theory,
amplitudeP of the polarization induced in the active mediu
by the optical field is given by3

P5
2

V (
ne ,nh ,kW

~m
kW
nenh!* p

kW
nenheivt, ~2!

whereV is the active region volume,kW is the transverse~in
the quantum well plane! carrier momentum,ne (nh) identi-

fies the conduction~valence! quantum well subband,m
kW
ne nh

is the optical dipole matrix element, andp
kW
nenh is the micro-

scopic dipole due to an electron-hole pair with electr
~hole! momentumkW (2kW ) and subband labelne (nh). To
calculate the microscopic dipoles quantum mechanically,
use a theory for the excitation-dependent optical respon4

This theory gives a set of coupled equations of motion
the microscopic polarization, as well as the electron and h

populationsn
kW
ne andn

kW
nh , respectively. For the linear optica

response, we assume thatdn
kW
ne/dt.0 and dn

kW
nh/dt.0, so

that we have to consider only the polarization equation8

d

dt
p

kW
nenh52 iv

kW
nenhp

kW
nenh2 iV

kW
nenh~n

kW
ne1n

kW
nh21!

2~G
kW
ne1G

kW
nh!p

kW
nenh1(

qW
~G

kWqW
ne1G

kWqW
nh!p

kW1qW
nenh . ~3!

In Eq. ~3!, the first line describes the oscillation of th
polarization at the transition frequency, and the stimula
emission or absorption processes. The transition freque

v
kW
nenh and the Rabi frequencyV

kW
nenh are given by

v
kW
nenh5

1

\ S «
ekW
ne1«

hkW
nh1«g01 (

a5e,h
(

qW
Vq

nanananan
kW1qW
na D

~4!
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V
kW
nenh5

1

\ S m
kW
nenhEe2 ivt1(

qW
Vq

nenhnhnep
kW1qW
nenhD , ~5!

where\ is Planck’s constant divided by 2p, «
e(h)kW
ne(nh)

is the

sum of the electron~hole! confinement and kinetic energie
and«g0 is the unexcited strained bulk material bandgap
ergy. The many-body modifications in Eqs.~4! and ~5! ~ex-
change shift and Coulomb field renormalization, resp
tively! are described by the terms containing the b
~unscreened! Coulomb potential energy,

Vq
nanbnbna5 f q

nanbnbna
e2

2«bAq
. ~6!

In the expression for the Coulomb potential energy,«b is the
permittivity of the host medium,e is the electron charge, an
A is the area of the quantum well layer. The form factor

f q
nanbnbna5E

2`

`

dzE
2`

`

dz8una
~z!unb

~z8!

3e2quz2z8uunb
~z8!una

~z! ~7!

accounts for the effects of the finite quantum well thickne
and confinement potential, whereun(z) is the envelope par
of the quantum well eigenfunctions.

Carrier-carrier correlations, which lead to screening a
dephasing, give rise to the second line in Eq.~3!. These
contributions are treated at the level of quantum kine
theory in the Markovian limit. They consist of diagon

(p
kW
nenh term! and nondiagonal (p

kW1qW
nenh term! contributions. For

the diagonal contribution

G
kW
na5

2p

\ (
b5e,h

(
nb

(
qW ,kW8

S uWq
nanbnbnau2

2
1

2
dna ,nb

Wq
nanbnbnaW

ukW1qW 2kW8u

nanbnbnaD
3D~«

kW
na1«

kW8

nb2«
kW1qW
na 2«

kW82qW
nb !

3@n
kW1qW
na ~12n

kW8

nb!n
kW82qW
nb 1~12n

kW1qW
na !n

kW8

nb~12n
kW82qW
nb !#,

~8!

whereD(D)5d(D)1 ip21P(D), andP denotes the princi-
pal value. We have replaced the bare Coulomb potential
ergy with the screened one

Wq
nanbnbna5

Vq
nanbnbna

«q~N!
~9!

to account for screening effects from the higher order co
lations that are neglected in the derivation of Eq.~3!. For the
dielectric function«q(N), we use the static Lindhard formul
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«q~N!512 (
r5e,h

(
nr

(
kW

Vq
nrnrnrnr

n
kW2qW
nr 2n

kW
nr

«
kW2qW
nr 2«

kW
nr

. ~10!

There is also a nondiagonal contribution in Eq.~3! that
couples polarizations of differentkW ’s. The coefficients for the
nondiagonal terms are

G
kWqW
na5

2p

\ (
b5e,h

(
nb

(
kW8

S uWq
nanbnbnau2

2
1

2
dna,nb8Wq

nanbnbnaW
ukW1qW 2kW8u

nanbnbnaD
3D~«

kW1qW
na 1«

kW82qW
nb 2«

kW
na2«

kW8

nb!

3@~12n
kW
na!~12n

kW8

nb!n
kW82qW
nb 1n

kW
nan

kW8

nb~12n
kW82qW
nb !#.

~11!

The numerical solution of Eq.~3! requires as input the
bandstructure properties, specifically, the electron and h

dispersions«
ekW
ne and «

hkW
nh , as well as the dipole matrix ele

mentsm
kW
nenh . In this paper, the quantum well bandstructu

calculation is performed usingkW•pW theory and the envelop
approximation.10 In a typical InGaN/AlGaN quantum wel
structure, there is a strain-induced electric fieldEp in the
quantum well. This piezoelectric field, which is perpendic
lar to the quantum well plane~i.e., in thez direction! may be
appreciable because of the large piezoelectric constantd31 in
wurtzite structures.2 To account for its effects, we modify th
treatment in Ref. 10 by including an off-diagonal contrib
tion to the electron and hole Hamiltonian

Hnan
a8

piezo
5eEp~N!E

2`

`

dzuna
~z!zun

a8
~z!, ~12!

where na and na8 are the subbands coupled by the Sta
effect, anduna

(z) andun
a8
(z) are the corresponding subban

envelope functions. The two-dimensional carrier densityN
dependence in the piezoelectric field comes from the scr
ing caused by the resulting spatial separation in the elec
and hole distributions. The net electric field is

Ep~N!5Ep~0!1Escr~N!, ~13!

where

Ep~0!5
2d31e

«b
S C111C122

2C13
2

C33
D ~14!

is the piezoelectric field in the absence of carriers andC11,
C12, C13, andC33 are the elastic constants. We estimate
effective screening field by spatially averaging over t
quantum well, the electric field due to the combined elect
and hole distributions:
le

-

n-
n

e

n

Escr~N!5
1

dE2d/2

d/2

dz0

eN

2«b

3E
2`

`

dz@ uue~z!u22uuh~z!u2#
z2z0

uz2z0u
, ~15!

whered is the quantum well width. We use for the spati
carrier distributionsue(z) anduh(z), the lowest order elec-
tron and hole subband envelope functions at zone center.
screening fieldEscr(N) is determined by iterating Eq.~13!
and the solution to bandstructure calculation until conv
gence is reached.11

The input to the quantum well bandstructure calculat
are the bulk material properties such as the effective ma
for the electron and holes parallel and perpendicular to thc
axis. The hole effective masses may be expressed in term
the parametersA1 , A2, and A5.10,12 The energy separation
between the hole states atk50 are described by the two
energy splittingsD1 and D2. In addition to the elastic con
stants, the parameters relating to strain effects are the la
constantsa ~in to quantum well plane! andc ~perpendicular
to quantum well plane!, the conduction band deformatio
potentialsacz and ac' , and the valence band deformatio
potentialsD1 , D2 , D3, andD4. The remaining parameter
are the bulk material dipole matrix elementmbulk , the back-
ground refractive indexn, and the permittivity of the hos
material«b. The values for the above bulk wurtzite materi
parameters for GaN, InN, and AlN are given in Ref. 13. F
In0.2Ga0.8N considered in this paper, we use the weight
averages listed in Table I.

To calculate spontaneous emission spectra, we make
of an often employed experimental method for obtaining
sorption and gain spectra. This method uses a relation
derived from detailed balance arguments to deduce abs
tion spectra from spontaneous emission measurements.14 For
our purpose, we reverse the process and use the sam
tailed balance relationship

S~v!52
1

\ S nv

pcD 2

a~v!FexpS \v2meh

kBT D21G21

, ~16!

to determine the spontaneous emission spectrumS(v) from
the absorption spectruma(v) calculated using Eq.~1!. In

TABLE I. Material parameters for bulk In0.2Ga0.8N used in
quantum well bandstructure calculations.

me,z /m0 0.166 A1 27.15
me,' /m0 0.182 A2 20.53

A5 23.37
«g0 (eV) 2.967 D1 (eV) 0.020

D2 (eV) 0.004
mbulk (nm) 0.241 n 2.27

«b /«0 10.38
a(Å ) 3.219 strain 20.0214
c(Å ) 5.247 d13(10212 m V21) 21.58

C11 (GPa) 371 (acz-D1) (eV) 25.70
C12 (GPa) 140 (ac'-D2) (eV) 29.03
C13 (GPa) 101 D3 (eV) 5.59
C33 (GPa) 369 D4 (eV) 22.79
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the above equation,kB is the Boltzmann constant,T is the
temperature, andmeh is electron-hole quasichemical pote
tial energy separation. Such an approach is, of course,
rigorous. However, it does circumvent the complexities
sociated with quantizing the electromagnetic field. This
lows the inclusion into the numerical calculation, the deta
of the multiband quantum well bandstructure, which are i
portant to our investigation of the intricate interplay of t
different nonlinear effects in different quantum well stru
tures. To show the accuracy of this phenomenological
proach, we will present in the next section comparisons o
results with those using the fully quantized semiconduc
quantum luminescence theory developed recently by K
et al.15

III. ABSORPTION AND EMISSION SPECTRA

To illustrate the interplay of the bandstructure and ma
body effects, we consider a 2 nm and a 4 nm
Ga0.2In0.8N/GaN quantum well structure. Numerically solv
ing the microscopic polarization equations~3!, for the steady
state solutions yields the absorption spectra shown in F
1~a! and 2~a!. For the narrow quantum well@Fig. 1~a!#, we
see that the low density exciton resonance is gradu
bleached with increasing carrier density. At high densiti
optical gain~i.e., negative absorption! develops in the spec
tral vicinity of the original exciton resonance. As is usual
intrinsic quantum well systems, there is negligible shift
the excitonic peak spectral position during the plas
bleaching process. This excitation independent exciton
ergy is a consequence of the strong cancellation between
weakening of the exciton binding energy and the reduct
of the bandgap energy, i.e., between the nondiagonal~field

FIG. 1. Calculated~a! TE absorption for 2 nm In0.2Ga0.8N/GaN
quantum well atT5300 K, and carrier densitiesN51012 cm22 to
631012 in 1012 cm22 increments. ~b! shows
the spontaneous emission spectra for the densities 1, 2,
331012 cm22. The solid lines are obtained from the absorpti
spectra, and the dashed lines are obtained from the semicond
luminescence equations~Ref. 15!. The material parameters ar
taken from Table I.
ot
-

l-
s
-

p-
ts
r
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-

s.

ly
,

f
a
n-
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n

renormalization! and diagonal~self-energy! contributions in
the microscopic polarization equations.3,4

As shown in Fig. 2~a!, the situation is quite different in
the 4 nm Ga0.2In0.8N/GaN quantum well structure. Becaus
of the weaker quantum confinement in this relatively wi
quantum well, the piezoelectric field is able to significan
reduce the overlap between the quantum confined elec
and hole wave functions. Consequently, the interband dip
matrix element or oscillator strength is substantially sma
than is the case for the narrow 2 nm quantum well. T
intrinsic quantum confined Stark effect~QCSE! also signifi-
cantly redshifts the exciton absorption peak relative to
flat band situation. As the plasma density increases,
screening of the QCSE increases the electron-hole w
function overlap, and hence, the exciton oscillator streng
Simultaneously, there is a weakening of the piezoelec
field induced redshift, leading to the net blueshift in the e
citon resonance and absorption edge with increasing pla
density, as shown in Fig. 2~a!. These piezoelectric field re
lated nonlinearities occur in addition to the usual many-bo
nonlinearities. Due to the stronger piezoelectric field effe
in the 4 nm quantum well, the compensation between s
energy and field renormalization contributions to the mic
scopic interband polarization is perturbed, resulting in
excitation-dependent blueshifting of the exciton resona
and absorption edge. A similar blueshift, also resulting fro
a perturbation of the abovementioned compensation eff
by a real space charge separation, was observed and m
scopically analyzed for type-II quantum wells.9 Figure 2~a!
also shows that the interband absorption, i.e., that part of
spectra well above the absorption edge, increases with
creasing excitation density. This again reflects the increas
electron-hole wave function overlap resulting from t
gradual screening of the intrinsic QCSE.

Using the absorption spectra in Figs. 1~a! and 2~a!, and
applying a phenomenological relationship between stim
lated and spontaneous emission Eq.~16!, we obtain the spon-
taneous emission spectra shown by the solid curves in F
1~b! and 2~b!. These spectra show the increasing sponta

nd

tor

FIG. 2. Same as Fig. 1, but for a 4 nmstructure. The densities in
~b! are 1, 3, and 531012 cm22.
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ous emission with increasing plasma density. Whereas
excitation-independent peak energy of the luminescenc
obtained for the narrow quantum well system, the w
quantum well luminescence exhibits the excitatio
dependent blueshift, whose origin is as discussed for the
sorption spectra.

To show the accuracy of using Eq.~16!, we plotted the
results~dashed curves! using the semiconductor quantum l
minescence theory.15 Due to its numerical complexity, this
theory can currently only be evaluated for a two-band eff
tive mass model, and using effective dephasing rates
tracted from the semiclassical quantum kinetic calculatio
The former limits the comparison to low plasma densiti
where multiband as well as bandmixing effects are ne
gible. Comparison of the solid and dashed curves shows
for low densities, where strong excitonic resonances
present in the optical spectra, we obtain deviations betw
the quantum theory results and the phenomenological c
version. As discussed in Ref. 15 these differences are
pected. For increasing densities the agreement improves
siderably, being almost quantitative for elevated densi
where optical gain is present.

IV. SPONTANEOUS EMISSION LIFETIME

The ordinates of Figs. 1 and 2 show absorption and sp
taneous emission amplitudes that differ considerably
tween wide and narrow quantum wells. This differen
should appear in the radiative carrier lifetime, which is
useful quantity to calculate because it is often measure
experiments. Integrating the luminescence spectra in F
1~b! and 2~b! gives the spontaneous emission ratewsp

5*0
`dv se(v), which is the inverse of the radiative carrie

lifetime tsp. The circles in Fig. 3 show the results from th
luminescence spectra obtained via the phenomenolog
conversion approach. At low carrier densities where the tw
band effective mass model is valid, the carrier lifetime c
also be obtained from the quantum luminescence theory
directly computing the total radiative decay rate of electro

FIG. 3. Radiative lifetime versus carrier density for 2 nm and
nm In0.2Ga0.8N/GaN quantum well atT5300 K. The circles are
computed from the absorption spectra of Figs. 1 and 2, and
squares are obtained directly from the semiconductor luminesc
equations.
an
is

e
-
b-

-
x-
s.
,
i-
at

re
en
n-
x-
n-
s

n-
-

in
s.

al
-

n
y
-

hole pairs. The results are shown by the squares, which
firm that both approaches yield close to identical resu
These results show that while the narrow 2 nm well h
lifetimes typical of conventional III-V materials, the wide
nm quantum well shows radiative lifetimes at low plasm
densities and room temperature that are two orders of m
nitude larger. Similar trends have been observed experim
tally for the GaN/AlGaN system at low temperature.16 This
long lifetime is a direct consequence of the electron-h
wave function separation which is substantial in the w
quantum wells. The figure also shows the carrier density
pendence of the radiative lifetime. Here the lifetime d
creases with increasing plasma density, due to increa
screening of the quantum confined Stark effect and to
creased carrier-carrier collisions.

The well width and excitation-dependent oscillat
strength due to the quantum confined Stark effect have
portant implications to group-III nitride lasers. On the o
hand, the QCSE reduces the gain in the wide quantum w
On the other hand, it also reduces their spontaneous emis
losses. Figure 4 shows the peak gain~or peak negative ab
sorption! versus spontaneous emission contribution to
current density, for the 2 nm and 4 nm quantum wells. T
spontaneous emission current is given byJsp5edwsp, where
e is the electron charge andd is the quantum well width.
These curves give the theoretical limit to the threshold c
rent density for a given threshold gainGth5Gpk . From the
figure, we see that the reduction in spontaneous emis
loss more than compensates the gain reduction in the w
quantum well, so that for typical threshold gains ofGth
5102–103 cm21, Jsp for the wide well is far lower than tha
for the narrower well system. Hence, the reduced electr
hole dipole matrix element in the wide Ga0.2In0.8N/GaN
quantum well systems actually benefits laser operat
Comparison of the two curves close to transparency ill
trates the very different physical mechanisms leading to
onset of gain. In the 2 nm quantum well, the onset of gain
due to band filling. In contrast, a significant population i
version already exists in the 4 nm quantum well at the on
of gain. Here, the appearance of gain is due to the switch
of the interband dipole matrix element by the screening
QCSE. We wish to emphasize that in an experiment, gain

e
ce

FIG. 4. Peak gain vs spontaneous emission current density f
nm and 4 nm In0.2Ga0.8N/GaN quantum well atT5300 K.
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the 4 nm quantum well will not occur as close to the orig
as shown in Fig. 4, because of the presence of nonradia
losses.

V. CONCLUSION

In summary, the microscopic calculations of the optic
absorption and luminescence properties of wide band
Ga0.2In0.8N/GaN quantum well systems predict interesti
well-width-dependent nonlinearities. A blueshift with in
creasing plasma density in absorption and luminescenc
relatively wide wells occurs as a consequence of the scr
ing of the piezoelectric field induced quantum confined St
effect. The quantum confined Stark effect also results in c
uc

ics

.
.

tt.

e,
ve

l
p

in
n-
k
r-

rier lifetimes in the wide wells that are significantly long
than in typical III-V semiconductors. This effect reduc
spontaneous emission loss in wide quantum well structu
and can benefit laser threshold properties.
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