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Nonlinear behavior of photoabsorption in hexagonal nitride quantum wells due to free carrier
screening of the internal fields

S. Kalliakos, P. Lefebvre, and T. Taliercio
Groupe d’Etude des Semiconducteurs, CNRS, Universite´ Montpellier II, Case Courrier 074, 34095 Montpellier Cedex 5, France

~Received 29 April 2002; revised manuscript received 23 January 2003; published 8 May 2003!

We investigate the effects of large electron-hole pair densities on the energy spectra of quantum wells based
on hexagonal group-III nitrides, such as GaN/AlxGa12xN or InyGa12yN/GaN systems. More specifically, we
solve self-consistently the Schro¨dinger and Poisson equations in order to calculate the changes in emission and
absorption spectra, induced by the screening of the large internal electric fields that are present in these
systems. In particular, we find that pair densities of a few times 1012 cm22 induce not only a blueshift of the
fundamental transition but also a significantenhancementof the absorption coefficient, in the region corre-
sponding to transitions between excited states. We estimate the typical optical power densities necessary to
induce such effects.
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INTRODUCTION

A lot of work has been done, especially in the past t
decades, to get an insight into the physical mechanism
semiconductor low-dimensional systems such as quan
wells ~QW’s! or quantum boxes~QB’s!, particularly in order
to produce new concepts of optoelectronic devices. Pas
devices, based on the change of absorption coefficient
applied voltage, such as electro-optical modulators
bistable switches, have received a great attention. While
three-dimensional semiconductors the mechanism res
sible for the modulation is the Franz-Keldysh effect,1,2 for
QW’s, it is the quantum-confined Stark effect~QCSE!.3,4 In
addition, interesting effects occur under high-carri
injection conditions and their interpretation is crucial, n
only for the operation of the passive devices, but also
active ones, especially light-emitting devices. Among othe
we should mention the bleaching of the excitonic propertie5

the band-gap renormalization,6,7 and the screening of an ex
ternally applied electric field.8 More specifically, severa
early works9–12have emphasized nonlinear optical propert
that can result from the screening of internal piezoelec
fields that are present in~Ga,In,As!-based quantum wells o
superlattices by photoinjection of high densities of electr
hole ~e-h! pairs.

In recent years, a lot of attention has been paid to a n
class of low-dimensional structures, made of hexago
~wurtzite! group-III nitride semiconductors, due to their p
tential application as the active materials for sho
wavelength laser emission.13 The main peculiarity of these
systems is the existence of an internal electric field com
rable to or much larger than 1 MV/cm, along the grow
axis. The origin of this large electric field14–16 is the differ-
ence in both the spontaneous and piezoelectric polarizat
between the barrier and well materials. This electric fi
strongly modifies the optical properties of the QW’s or QB
First, it induces a large redshift in the transition energi
because of the QCSE,17–22such that the emission of the QW
can cover the entire visible spectrum20–22 by changing the
well width, although the band gap of the well material co
0163-1829/2003/67~20!/205307~10!/$20.00 67 2053
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responds to ultraviolet photon energies. Second, this fi
separates the electron and hole wave functions towards
opposite sides of the well. This drastically decreases the
cillator strength of the fundamental transition and hence
creases the radiative recombination time17,20,23,24 with a
nearly exponential dependence with well width. It is impo
tant to emphasize that QB’s made of hexagonal group
nitrides have also been produced21,22,25 and that they obey
exactly the same rules concerning the QCSE. This is ma
due to the small exciton Bohr radius in these materials~;3
nm!, which is, in most cases, smaller than the in-plane s
of the boxes. In other words, lateral confinement effects
quite negligible, and the general properties of absorption
emission of such QB’s are comparable to those of QW’s
similar vertical sizes. Nevertheless, the growth of QB’s is
way to block the in-plane motion of carriers, thus reduci
the probability of nonradiative recombinations. The latte
mainly correspond to the capture of carriers at defects s
as threading dislocations, and they may become domin
when the temperature of the sample is raised to 300 K
fact, any kind of short-range localization, like that whic
occurs naturally in the disordered ternary alloy InyGa12yN,
is beneficial in terms of enhancement of the nonradiat
lifetime.25 To this extent, group-III nitrides are particularl
advantageous too, because they can easily produce band
differences of the order of 1 eV or more, and thus indu
efficient confinement. This effect is further enhanced by v
large effective masses (0.2m0 for electrons and larger tha
1m0 for holes!, which also dramatically increases the den
ties of states in two-dimensional~2D! systems if compared to
more familiar QW’s such as GaAs/AlxGa12xAs and
InyGa12yAs/GaAs.

Considering the ‘‘giant’’confinement, Stark effect, an
densities of states, the purpose of this work is to predict,
using envelope-function calculations, some original pheno
ena that should be observable in group-III nitride QW’s~or
planes of QB’s! under high photoexcitation conditions
Given the current uncertainty on several physical paramet
starting with the electric field itself, our aim is not to giv
accurate prescriptions for active device systems. Instead
©2003 The American Physical Society07-1
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will provide a qualitative description of the physical pr
cesses at work and emphasize the advantages of grou
nitrides.

A number of interesting effects have already been p
dicted and/or experimentally verified, such as the screen
of the excitonic interaction.26 We will specifically investigate
the screening of the internal electric field in the well6,9–12

that can lead~among others! to ~1! a blueshift of the emis-
sion spectrum due to the partial cancellation of t
QCSE,27–30 ~2! a higher recombination rate for the optic
transitions,29–33 ~3! a modification in the absorption
spectrum34,35 due to the direct relation of the absorption c
efficient with the oscillator strength, and~4! an influence on
the optical gain properties of InyGa12yN/GaN-based lasers.36

The oscillator strength is proportional to the square over
integral of the electron and hole envelope functions~hereaf-
ter referred to as the ‘‘overlap integral’’!. For the ground-
state transition (E1-H1) in nitride-based heterostructure
this quantity can be very small due to the spatial separa
of electrons and holes. We must consider, too, that largee-h
pair densities can induce a significant band-gap renorma
tion, due to many-body effects.35,37,38The main effect of this
renormalization is an overall redshift of all transition ene
gies. To the best of our knowledge, the most complete
tempt of theoretical description of the high photoexcitati
of nitride QW’s is that of Ref. 35, including the screening
excitonic effects, the screening of the internal field, ma
body effects, and valence-band mixing. However,all of the
above-mentioned works were restricted to the spectral re
near the ground-state transition (E1-H1).

In this work, contrary to previous ones, we calculate
entire interband absorption spectrum of GaN/AlxGa12xN
QW’s, thus including excited states, and we investigate
change under high photoexcitation. We find that a signific
positive differential absorption~PDA! can be induced in
these structures, and we estimate the optical power dens
necessary to produce such a nonlinear optical effect.

THEORETICAL MODEL

To calculate the effect of high densities ofe-h pairs, we
solve self-consistently the Schro¨dinger and Poisson equa
tions within the envelope function approximation. We on
consider the first three confined subbands for electrons
the first six subbands for ‘‘heavy’’ and ‘‘light’’ holes. In fact
the valence band of wurtzite nitrides is threefold, with t
maxima of the so-calledA ~‘‘heavy holes,’’ H!, B ~light
holes,L!, andC bands lying within a few tens of meV.

In the majority of cases, the nitride-based QW’s and Q
are made of GaN or InyGa12yN layers that are under biaxia
elastic compression because of the lattice mismatch with
barrier material, itself strained by a buffer layer, usua
made of GaN. For samples grown on sapphire substr
~most of the cases!, it is well-known39,40 that this buffer al-
ways undergoes some degree of in-plane biaxial comp
sion. The biaxial compression of the well~or box!, the ‘‘crys-
tal field’’ induced by the hexagonal symmetry, and the sp
orbit coupling have an intricate effect on the structure of
valence band, but the result is rather simple. Figure 1 sh
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the dispersion relations for GaN, calculated using the par
eters gathered in Table I, including some typical in-pla
biaxial compressiond. The A andB bands have nearly par
allel dispersion relations along thez direction, i.e., the~0001!
growth axis. Consequently, the effective masses for theA
and B bands along this axis are quite similar~and quite
large!. We take the same value ofmA5mB51.1m0 , for GaN
~Ref. 42!. As a result for a given QW, each heavy-hole su
band is accompanied by a light-hole companion at a cons
distance that is fixed by the splitting of theA andB bands in
the strained GaN, i.e.,;30 meV, from our calculations. On
the other hand, the effective mass for theC band is much
smaller (mC50.15m0 , Ref. 42! and thus, for narrow QW’s
such as those considered here, there are only few confi

FIG. 1. Calculated valence bands of a GaN epilayer, with
biaxial in-plane compression perpendicular to the~0001! direction
~thez axis!. The quasicubic approximation was used, identifying t
~0001! direction of the wurtzite structure with the~111! direction of
the zinc-blende structure. For the in-plane dispersion curves,
have usedkt5(kx

21ky
2)1/2. The numerical parameters used are ga

ered in Table I.

TABLE I. The valence-band parameters used in our calculat
of the dispersion relation of GaN~Fig. 1!.

A1 26.56a

A2 20.91a

A3 25.65a

A4 22.83a

A5 23.13a

D1 ~eV! 25.32b

D2 ~eV! 210.23b

D3 ~eV! 24.91b

D4 ~eV! 2.7b

D1 ~eV! 0.022c

D2 ~eV! 0.015c

D3 ~eV! 0.005c

d 20.01

aReference 42.
bReference 39.
cReference 41.
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levels, and they are pushed to much higher energies
those arising from theA andB bands.

Concerning the oscillator strengths of the various int
band optical transitions, probed by transmission experime
we consider only the case of normal incidence, i.e., with
light polarized along the growth plane. In this case, the
pole matrix element between the valence band and con
tion band is nonvanishing for both theA and B states,
whereas it is close to zero for the states of theC band. It has
been shown,39,40,43,44moreover, that due to the biaxial com
pression, the optical matrix elements are nearly equal for
A and B transitions. We thus assume equivalent oscilla
strengths for bothA- andB-related valence subbands, and w
do not include theC-hole states in the calculations.

Moreover, we do not include excitonic properties, since
has been established earlier26 that the exciton binding energ
goes to zero for carrier densities of a few 1011 cm22, lower
by one order of magnitude than those considered in
work. Assuming continuous-wave excitation conditions,
model a quasiequilibrium situation, leading to a giv
steady-state density ofe-h pairs. Using the two-dimensiona
densities of states, proportional to the appropriate in-pl
effective masses, we calculate the population of each s
band and the quasi-Fermi-levels for electrons and ho
Given the population of each subband, we calculate
modification of the potential by solving Poisson’s equatio

d2VPois

dz2 52
r~z!

««0
, ~1!

wherer(z) is the charge density profile given by

r~z!5e(
i , j

@nhiu f hi~z!u22ne ju f e j~z!u2#, ~2!

where f e,h,i , j (z) are the envelope functions for the electro
and holes in the well andne,h,i , j are the carrier population
for each subbandi and j. Moreover,

n5(
i 51

12

nhi5(
j 51

3

ne j , ~3!

wheren is the total density ofe-h pairs. By using Eqs.~2!
and~3!, we account for the fact that the charge distribution
the QW is affected by the population of excited states a
not only of the ground state. The energy levels and envel
functions are determined by slicing the space into thin lay
and by using a finite-element technique. This method is m
accurate than the perturbative approach, based on the m
of the solutions of a zero-field problem,35 which should not
be used, in principle, for such large electric fields and la
well widths.45 Indeed, this approach is only valid if the Sta
shift of the ground state is much smaller than the zero-fi
separation betweenE1 andE2 states,45 which is not the case
for nitride QW’s. With our method, on the other hand, t
details of the band curvature induced by the charge accu
lation are obtained self-consistently, leaving us with a curv
potential profile. This is more accurate, especially conce
ing the oscillator strength, than including an artifici
‘‘screening field,’’35 thus keeping a triangular band profil
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Figure 2 illustrates the change of the band profile of the fi
two quantized energy levels and of the envelope functi
when large densities of pairs are present in the QW. The h
excitation totally changes the splitting between the vario
levels and the details of the corresponding wave function

To calculate the interband absorption spectrum, we re
to the formulation of Haug and Koch:46 the absorption coef-
ficient of an ideal medium of dimensionalityd is the product
of a dimensionless spectral term and an amplitude factor.
free-carrier absorption~no excitonic effect!, the spectral term
follows a square-root variation with photon energyE for d
53, whereas it is made of the addition of step functio
starting at each interband transition energyEi j for d52. The
amplitude factors can generally be writtena0

3D5Q/(paB)
anda0

2D5Q/L, where

FIG. 2. The band profile of a 16-ML-wide GaN/Al0.4Ga0.6N
quantum well with opposite electric fields ofFW51.4 MV/cm and
FB520.77 MV/cm in the well and barriers, respectively. Dash
lines show the first two quantized subband minima for electrons
holes. The corresponding envelope functions are shown, too. C
~a! corresponds to the low-excitation regime, with no screen
effect. Case~b! corresponds to the result of our self-consistent c
culation for an electron-hole pair densityn5631012 cm22.
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Q5
2pudcvu2

\nbcaB
2 ~4!

is essentially the optical density of the 2D medium wh
probed by light propagating perpendicular to its plane. T
background refractive index isnb , and aB is the exciton
Bohr radius~3 nm for GaN!, while dcv is the interband op-
tical matrix element between valence- and conduction-b
Bloch states. In practice, we deal with the optical density
a quantum well, for which each interband transition~i,j! has
a different oscillator strength. We thus multiplyQ by the
square overlap integral of electron and hole envelope fu
tions, uI eh( i , j )u2, for each steplike absorption onset. F
practical reasons, we use the absorption coefficient of G
(105 cm21) as a reference.47 This coefficient corresponds t
the excitonic absorptionthus influenced by the so-calle
Sommerfeld enhancement factor, which is exactly equa
2p at the band gap (d53). Therefore, we have 2pa0

3D

5105 cm21 from which we deduceQ51.531022.
To account for high excitations, we increase the density

e-h pairs step by step, in order to describe correctly
change in energy levels in the corresponding densities
states and in overlap integrals. In addition, due to exclus
effects, such high excitations induce the bleaching of so
optical transitions involving occupied final states. We a
count for this by multiplying the proper absorption steps
another steplike factor, i.e., zero for occupied states and 1
the unoccupied ones, which corresponds toT50 K. Finally,
optical gain is also made possible for transitions betw
populated electron bands and populated hole bands.35 The
gain is given by the calculated absorption coefficient, w
opposite sign.

To provide a more realistic picture of systems with inh
mogeneous broadening, we make a convolution of the ca
lated spectrum by a sigmoidal function,S(E)5(1
1eEi j 2E/DE)21, whereEi j is the energy for each transitio
with a broadening factor ofDE550 meV. This is reason
able, considering the state-of-the art broadening of opt
features and the high degree of excitation. This broadenin
quite larger than the light- to-heavy-hole splitting that w
calculate, and it is larger too than the splitting that one wo
obtain from a more tedious treatment of the valence ban

In fact, it is clear that a full treatment of the so-calle
‘‘valence-band mixings’’ would improve the accuracy of th
oretical predictions.44 Nevertheless, we propose our par
bolic model as a first approach to the problem to be refi
in later investigations provided that the pertinent mate
parameters are known with accuracy~which is certainly not
the case now!. Although this does not constitute a proof
validity, we just wish to present the following arguments
favor of the our simplified model. Inclusion of valence-ba
mixings will essentially~1! change the shape of our steplik
joint densities of states into more complex curves and~2!
induce exchanges of oscillator strengths between anticr
ing subbands. Now, regarding these oscillator strengths
have already noticed that they were made nearly equa
heavy-hole and light-hole states by the in-plane compres
strain, and made vanishingly small forC holes. This makes a
very large difference with more familiar systems based
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zinc-blende semiconductors, where the oscillator strength
light- and heavy-hole excitons differ by a factor of 3, und
normal incidence of light. Thus for the present group-III n
trides, any exchange of the ‘‘heavy-hole’’ and ‘‘light-hole
characteristics between two anticrossing subbands sh
keep the oscillator strength constant. As for the shapes of
densities of states, we consider that the broadening param
that we chose should somehow dampen this effect, altho
this will have to be proven in future work.

In the following, we consider sheet carrier densities larg
than the Mott density, i.e., of a few times 1012 cm22. In
order to include the band-gap renormalization that res
from carrier-carrier scattering~many-body! effects, we refer
to previous works35,37,38where this effect has been calculate
for group-III nitride-based QW’s, including or not the ele
tric field effects and/or the valence-band mixings. The m
result and the only effect that previous workers have con
ered so far are quite simple: given a density ofe-hpairs, the
band-gap renormalization yields an overall redshift of all o
tical transitions. In fact, the authors of Refs. 37 and 38 ha
established that this redshift follows some ‘‘universal’’ b
havior for nitride QW’s, illustrated by Fig. 4 of Ref. 37
although electric fields were not included in Ref. 37. W
have checked from the calculation of the band-gap renorm
ization in Ref. 38, which includes the electric field effect f
a GaN/Al0.2Ga0.8N QW, that this calculation follows the
same general behavior. Then, the band-gap renormaliza
can be deduced from the following law, which fits the resu
of Ref. 37:

DEG

R2D
521.67~r 2D!20.71, ~5!

whereR2D is the binding energy of two-dimensional exc
tons, i.e., four times the three-dimensional value for G
(R2D50.1 eV) andr 2D the so-called ‘‘dimensionless inter
particle distance,’’ which is deduced from the exciton tw
dimensional Bohr radius, aB

2D50.5aB
3D , by r 2D

51/@pn(aB
2D)2#1/2, whereaB

2D51.5 nm for GaN.
We estimate redshifts of 0.083 eV forn5231012 cm22

and of 0.136 eV forn5831012 cm22. The absorption spec
tra calculated below do include these slight redshifts, but
insist on the following: these many-body effects cann
change the fact that the oscillator strengths of some opt
transitions, especially those involving excited states,
modified by a high injection ofe-hpairs, via the only screen
ing of the internal electric field.

As for the dynamical aspects of the problem, we use
following equation for the injectede-h pair densityn:

n5gt, ~6!

where g is the generation rate for the pairs andt is their
recombination time. The latter is given byt215tR

211tNR
21,

wheretR andtNR are the radiative and nonradiative recom
bination times. For low-temperature experiments or,
higher temperatures, in case of localized carriers, as
quantum boxes and/or InyGa12yN alloys ~see above!, the
overall decay time is nearly equal totR becausetR!tNR.
For free excitons, the nonradiative contribution may
7-4
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NONLINEAR BEHAVIOR OF PHOTOABSORPTION IN . . . PHYSICAL REVIEW B67, 205307 ~2003!
dominant, especially at room temperature. In the latter c
tNR is small and we will assume it independent of thee-h
pair density. On the other hand, if the radiative recombi
tion dominates, as the electric field is screened, the ove
integrals for the various transitions change. This contribu
to the reduction of the radiative lifetime,tR for the E1-H1
recombination, which we calculate self-consistently. Ho
ever, for densities of pairs,n, larger than the Mott density
nMott51/(paB

2), whereaB is theactual exciton Bohr radius,
we need to consider the bimolecular recombination of e
trons and holes, where the recombination rate is no lon
proportional ton, but proportional ton2. We can put this in
another way by considering a decay time inversely prop
tional ton. Eventually, we can obtain a reasonable estimat
of the radiative decay time, provided that the low-excitati
value t~0! is known, as well as the change of the electro
hole square overlap integralI eh

2 (n) by using the following
approximation:

t~n!

t~0!
5H I eh

2 ~0!/I eh
2 ~n! for n,nMott ~7a!

@ I eh
2 ~0!/I eh

2 ~n!#nMott /n for n.nMott . ~7b!

The generation rate is given by

g5~12e2u~E!!
Pin

SE
, ~8!

whereu(E) is the optical density at excitation energyE and
Pin /S is the incident power density. Possible reflection of t
incident beam is not taken into account. However, the tra
lational asymmetry of the well makes optical transitions
volving excited states more or less allowed, a situation t
evolves as the system is more and more excited and tha
also account for self-consistently.

RESULTS AND DISCUSSION

We present results obtained for a GaN/Al0.4Ga0.6N QW
with a width of Lw516 atomic monolayers~ML’s !, i.e., 4.1
nm and barriers ofLB530 ML. By a simple scaling proce
dure, based on previous experimental studies of s
systems,48,49 we can estimate the electric field and the rad
tive lifetime in the low-excitation regime for this QW. Th
fields in the well and barrier, expressed in MV/cm, are giv
by FW55.5x LB /(LW1LB) and FW55.5x LW /(LW1LB),
wherex is the Al composition in the barriers. Here, we obta
FW51.4 MV/cm andFB520.77 MV/cm. By the appropri-
ate calculations of overlap integrals, we can extrapolate
radiative lifetimes measured in Ref. 49, and we obtaint(0)
522.2 ns for the present example. We have taken the
merical parameters gathered in Table II for the GaN and A
binary compounds considered nearT50 K. The band gap of
the ternary alloy was estimated by linear-interpolation
simplicity, and we assumed a strain-free conduction-b
offset of 80% of the total gap difference.

We have also performed a variational calculation of
exciton binding energy and Bohr radius; we obtainR
524 meV andaB54.8 nm, respectively. The binding energ
is comparable to the bulk value~25 meV! because the sepa
20530
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ration of the electron and hole envelope functions by
electric field counteracts the quantum confinement. Then,
obtainnMott;1.431012 cm22.

Figure 3 shows the different effects contributing to t
absorption onset involving theE1 and H1 subbands: the
blueshifts induced by the screening of the electric field a
by the filling of the subbands and the redshift induced
band-gap renormalization. For the sake of generality,
have performed the same calculations for the 4-nm-w
~Ga,In!N/GaN quantum well of Ref. 35, although it was di
ficult to rebuild the hole effective masses from their valen
band parameters and although their piezoelectric field
larger than 3 MV/cm, i.e., much larger than those measu
experimentally. The absorption spectra of Ref. 35 inclu
sharp excitonic resonances forn5231012 cm22 and above,
which we find surprising because our own variational cal
lation, using their parameters, yields a binding energy of
meV, a Bohr radius of 4 nm, and thus a Mott density

FIG. 3. The various contributions to the shift of the absorpti
onset for theE1-H1 transition, for a 16-ML-wide GaN/Al0.4Ga0.6N
quantum well.

TABLE II. The numerical parameters used in our numeric
calculations of transition energies and oscillator strengths. Su
script 2D indicates the in-plane effective masses, useful for ca
lating the two-dimensional densities of states.

GaN AlN

Eg ~eV! 3.5a 6.2e

E 9.5b

me
z/m0 0.2c 0.33d

me
2D/m0 0.2b

mhh
z /m0 1.1e 3.53d

mhh
2D/m0 1.65d

mlh
2D/m0 0.15d

aReference 50.
bReference 51.
cReference 52.
dReference 42.
eReference 53.
7-5
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1.931012 cm22. Nevertheless, we did this comparison in o
der to test our simplified model against the most thorou
description available. Forn5531012 cm22, our calculation
gives a blueshift of the absorption onset of 0.3 eV, wher
the calculation of Ref. 35 gives;0.2 eV. Considering the
basic differences, commented above, between the two m
els, especially our more detailed description of the poten
profile and envelope functions, we believe that this diff
ence is reasonably small. We also believe that this sm
difference absolutely does not challenge our results on
positive differential absorption, shown below.

Figure 4 shows the optical density spectrum without a
with the sigmoidal broadening function. The latter essentia
smooths the steplike absorption onsets corresponding to
transitions involving the various excited states. The cons
eration of those states is really what makes our appro
different from previous ones. To illustrate this point, the in
in Fig. 4 shows an enhanced calculated spectrum where
have only considered the fundamental transition,E1-H1,
thus a single step of density of states, similar to the calc
tion of Ref. 35. For a better—though still qualitative—
comparison with Ref. 35, we have added a calculation of
excitonic absorption with a small~and unrealistic! broaden-
ing parameter. We have used the 2D model of Shinada
Sugano,54 including the above-mentioned exciton bindin
energy that we calculated. In fact, for a reasonable treatm
dimensionality issues55,56demand consideration, here, whic
is not the purpose of this paper because the present exc
have similarities with type-II excitons due to electric field
Again, it is difficult to make an accurate comparison sin
we cannot know from Ref. 35 what the exciton dimensio
ality is. In both the present calculation and that in Ref. 3
the sharp absorption edges are simply due to the choice

FIG. 4. The solid line shows the calculated steplike absorp
spectrum for a 16-ML-wide GaN/Al0.4Ga0.6N quantum well. Each
step corresponds to a new transition energyEi j . The fundamental
transitionE1-H1 is shown to illustrate its very small probability
The dashed curve shows the effect of the broadening. The i
shows the absorption spectrum restricted to the only fundame
(E1-H1) absorption onset, both in the interband model that
used in this work and in the excitonic approach, for a compari
with previous modelings~e.g., Ref. 35!.
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small broadening. At higher energies, the absorption spe
tends to flatten, as a result of the conjunction of the so-ca
Sommerfeld factor and of the 2D density of states. No
when we properly include the excited transitionsEi-H j and
some broadening, we observe a nearly continuous increa
the absorption, reaching values that can be larger by 2 or
of magnitude than the absorption at the fundamental tra
tion. Indeed, the latter is made extremely small by t
electric-field-induced separation of electron and hole wa
functions, with absorption coefficients of a few time
102 cm21.35

Figure 5 shows the optical density spectrum for four d
ferent densities of injectede-h pairs. The blueshift of this
transition, which is the most straightforward effect of th
screening of the electric field by reduction of the QCSE,
partly compensated for the lower values ofn by band-gap
renormalization. Several competitive mechanisms contrib
to the modifications of the optical density spectrum. First,
classical bleaching of several optical transitions by popu
tion of the lower subbands tends to induce a negative dif
ential absorption~NDA!, specially in the low-energy region
of the spectrum. Second, the screening of the electric fi
induces a blueshift of theE1-H1 transition and a significan
enhancement of the absorption involving some exci
states. If the band-gap renormalization~the third effect! is
not included, this screening induces a positive differen
absorption~PDA!, only for energies larger than;3.6 eV. But
the band-gap renormalization redshifts the entire absorp
spectrum. The result is that~i! this PDA exists for a wider
spectral region~all energies above 3.3 eV!, and~ii ! the am-
plitude of the PDA is enhanced, compared to the case wh
the renormalization is not included. Finally, when the p
density exceeds some;531012 cm22, the appearance o
gain ~negative absorption! increases drastically the NDA o
the low-energy part of the spectrum.

More precisely, between 3.4 and 3.6 eV, whenn is in-
creased, the system starts with a PDA, but population eff
suddenly reduce again the absorption coefficient above s

n

et
tal
e
n

FIG. 5. Optical density spectra for a 16-ML-wid
GaN-Al0.4Ga0.6N single QW, for densities of electron-hole pairsn
50 ~solid line!, 231012 cm22 ~dashed line!, 531012 cm22 ~dotted
line!, and 831012 cm22 ~dash-dotted line!.
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critical e-h pair density. This is better illustrated by the rel
tive change of optical density,DQ/Q ~Fig. 6!, for different
values ofn. For instance, near 3.5 eV, the absorption coe
cient is multiplied by;2, for n5531012 cm22 and then it
collapses near zero due to band filling and gain forn58
31012 cm22.

In Fig. 7, we plot the relative change in the optical dens
between the low-excitation conditions and that withn56
31012 cm22 for different well widths. We observe a large
PDA as the well width is increased, together with a reds
of the onset between zones of negative and positive dif
ential absorption. This redshift is of;0.12 eV when the well
width is increased by only 4 ML, i.e.,;1 nm. In Fig. 8, we
examine the behavior of systems with the same well wi
~16 ML! but with different Al compositions in the barrier
for the samen5531012 cm22. As the Al composition in-

FIG. 6. Relative change of the optical density spectrum fo
16-ML-wide GaN-Al0.4Ga0.6N single QW, between the situatio
where the internal electric field is not screened and cases with t
different steady-state densities of electron-hole pairs, indicate
the figure.

FIG. 7. Relative change of the optical density spectrum
GaN-Al0.4Ga0.6N single QW’s, for an injected electron-hole pa
density ofn5631012 cm22, and for respective well widths of 14
~solid line!, 16 ~dashed line!, and 18 ML~dotted line!.
20530
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creases, not only the barrier height but also the electric fi
in the well drastically increases~see above!, pushing the
electrons and holes apart. Consequently, the overlap inte
decreases, reducing the absorption coefficient and redshi
the position of maximum PDA. In fact, Figs. 7 and 8 dem
onstrate the great versatility of hexagonal group-III nitri
QW’s and QB’s, concerning these properties of different
absorption. The electric fields can be varied over a very la
range from a few hundred kV/cm~Refs. 48, 49, and 53! to
;2.5 MV/cm for In0.2Ga0.8N/GaN QW’s and QB’s~Refs. 20
and 25! or even 7 MV/cm for GaN/AlN QB’s.21,22 Then the
decay times can be varied17,19,20,25 from nanoseconds~or
less! to hundreds of microseconds~at least!: according to Eq.
~6!, this provides a large versatility of the optical power de
sities necessary to produce these nonlinear effects~see be-
low!.

In addition, group-III nitrides allow us to cover wave
lengths a large part of the visible spectrum. This is due, fi
to the band gaps of InN~;0.8 eV, from Ref. 57!, of GaN
~;3.4 eV at room temperature, from Ref. 58!, and of AlN
~;6.2 eV, from Ref. 59!. But this is mostly a consequence o
the giant QCSE that can push emission energies below 2
whereas the band gap of the well material is close to 3
~ultraviolet!. We thus see that the original properties d
cussed here can be,a priori, adapted to any useful spectr
range, simply by changing the well width by only a fe
monolayers and by controlling the compositions.

This adaptability is a unique property of nitride-bas
low-dimensional systems: the giant Stark shift, together w
large densities of states, allows electrons and holes to a
mulate in a narrow spectral region, strongly redshifted fro
the absorption onset, which involves excited states. Then
PDA at high energies cannot be canceled by the popula
effects~bleaching! as it would be the case for systems su
as cubic InyGa12yAs/GaAs QW’s grown along the~111! di-
rection, where the electric fields are smaller by one orde
magnitude, the densities of states are smaller by a facto
;3, and the band offsets are smaller too.6,9–12 We also find

a

ee
in

f

FIG. 8. The analog of Fig. 6, but for three different Al comp
sitions, xAl , in the barriers, respectively: 0.4~straight line!, 0.6
~dashed line!, and 0.8~dotted line!. The injected carrier density is
n5531012 cm22.
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that the redshift induced by many-body effects contribute
the enhancement of the PDA.

It is important to estimate the optical power densities
quired to observe these differential absorption propert
Figure 9 shows the dependence of the recombination t
upon the density ofe-hpairs as a result of Eqs.~7a! and~7b!
for a purely radiative recombination or simply set to 100
and constant for a recombination widely dominated by n
radiative processes. This simplified modeling of recombi
tion processes yields important information: due to the c
junction of bimolecular recombination and of the screen
of electric fields, the radiative decay time decreases b
orders of magnitude whenn goes from 1012 to 1013 cm22.

We present, in Figs. 10~a! and 10~b!, thee-hpair densities
injected in the well versus the excitation density calcula
by using Eq.~6! for an excitation energy of 4.1 eV. We hav
purposely placed this excitation in the ‘‘active’’ region of th
spectrum and below the absorption threshold of
Al0.4Ga0.6N barrier. First, these figures show the typical o
tical power densities necessary to induce interesting effe
i.e., of a few hundred kW/cm2, which is much smaller than
what is required to obtain nonlinear effects with bulk ma
rials ~200 MW/cm2, see Ref. 60!. Two extreme hypothese
were considered. First, we have examined for Fig. 10~a! the
case where the recombination ofe-h pairs is dominated by
radiative processes. Then, the variation ofn is strongly non-
linear due to the competition between~i! the fast increase o
the recombination rate withn, according to Eqs.~7a! and
~7b! and ~ii ! the slower increase of the generation rate
enhancement of the absorption coefficient from Eq.~8!. This
is why the power density needed to inject, for example

FIG. 9. Top of figure: The various contributions to the change
radiative decay time versus n, for a 16-ML-wide
GaN/Al0.4Ga0.6N-quantum well. The dashed line shows the effect
increasing the oscillator strength of theE1-H1 recombination, due
to the screening of the electric field. The dash-dotted line show
estimate of the change induced by the transition from an exc
recombination regime to the bimolecular recombination of a de
population of electrons and holes. The thick solid line shows
overall result. Bottom of figure: In the case of electron-hole reco
bination dominated by nonradiative processes, we have assum
constant lifetime of 100 ps.
20530
o

-
s.
e

s
-
-
-

g
2

d

e
-
ts,

-

y

8

31012 pairs/cm2 is 10 times higher than that needed to o
tain 431012 pairs/cm2. Second@Fig. 10~b!#, we have consid-
ered the case where the dominant process is the nonradi
recombination with a short nonradiative lifetime~100 ps!
independent ofn. The result is that slightly larger powe
densities are needed to produce carrier densities of a
times 1012 cm22, but still remaining in the range lower tha
1 MW cm22.

Of course, the power densities shown in Fig. 10 are sca
by the decay times. If the nonradiative decay time is divid
by 10, the power density is multiplied by this factor. On t
other hand, for purely radiative recombination, such as th
for GaN/AlN quantum boxes at room temperature,21 we can
benefit from extremely large decay times~over tens of mi-
croseconds!, thus reducing dramatically the required optic
power densities.

f

f

n
n
e
e
-
d a

FIG. 10. Dependence of the density of photocreated elect
hole pairs with the incident optical power density, for a 16-M
wide GaN-Al0.4Ga0.6N single QW and for an excitation photon en
ergy of 4.1 eV.~a! The recombination is dominated by radiativ
processes; the saturation~or nearly logarithmic increase ofn! is
induced by the dominant effect of the enhancement of the rec
bination rate with excitation.~b! The power densities needed for th
same pair densities are larger than in case~a!, but there is no satu-
ration effect.
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To be complete in the discussion of other effects that
did not include in this paper, we should mention therm
effects, i.e., the expected increase of the effective temp
ture of the system due to the importance of phonon-assi
relaxation processes. We believe that this mechanism
result in a slight redshifting of the spectra that we have c
culated and also in the increasing of nonradiative recom
nation rates for very high excitations. Nevertheless, the
fects predicted above, though modified, should be preser
and they demand to be tested by appropriate experiment
carefully designed samples.

CONCLUSION

We have examined, by using envelope-function calcu
tions, the original nonlinear optical properties induced
high populations ofe-h pairs in low-dimensional system
based on wurtzite group-III nitride semiconductors. In ad
tion to the straightforward blueshift of the ground-state em
sion, we have found clear possibilities of self-induced ph
toabsorption. We have explained why these materials
.
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exhibit such effects that could not be obtained with mo
familiar semiconductor systems and why they are rea
promising in terms of flexibility. We have identified the lim
iting factors for these nonlinear properties and we have e
mated the optical power densities required to produce th

We believe that this theoretical work opens the way fo
new type of ‘‘band-gap engineering,’’ accounting for th
large electric fields in these low-dimensional systems.
believe, too, that this work will lead to interesting expe
mental research on properties that have not yet been inv
gated.
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