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Nonlinear behavior of photoabsorption in hexagonal nitride quantum wells due to free carrier
screening of the internal fields
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We investigate the effects of large electron-hole pair densities on the energy spectra of quantum wells based
on hexagonal group-Ill nitrides, such as GaN@# ;N or In,Ga _,N/GaN systems. More specifically, we
solve self-consistently the Sclioger 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 timé€ d® 2 induce not only a blueshift of the
fundamental transition but also a significarthancemenof 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 responds to ultraviolet photon energies. Second, this field
separates the electron and hole wave functions towards the
A lot of work has been done, especially in the past twoopposite sides of the well. This drastically decreases the os-
decades, to get an insight into the physical mechanisms iaillator strength of the fundamental transition and hence in-
semiconductor low-dimensional systems such as quantumreases the radiative recombination thf@2324 with a
wells (QW’s) or quantum boxefQB’s), particularly in order  nearly exponential dependence with well width. It is impor-
to produce new concepts of optoelectronic devices. Passivant to emphasize that QB’s made of hexagonal group-Ili
devices, based on the change of absorption coefficient withitrides have also been produé&é??°and that they obey
applied voltage, such as electro-optical modulators an@xactly the same rules concerning the QCSE. This is mainly
bistable switches, have received a great attention. While fodue to the small exciton Bohr radius in these material8
three-dimensional semiconductors the mechanism respomm), which is, in most cases, smaller than the in-plane size
sible for the modulation is the Franz-Keldysh efféétfor  of the boxes. In other words, lateral confinement effects are
QWss, it is the quantum-confined Stark effdQCSB.>* In quite negligible, and the general properties of absorption or
addition, interesting effects occur under high-carrier-emission of such QB’s are comparable to those of QW'’s of
injection conditions and their interpretation is crucial, notsimilar vertical sizes. Nevertheless, the growth of QB’s is a
only for the operation of the passive devices, but also foway to block the in-plane motion of carriers, thus reducing
active ones, especially light-emitting devices. Among othersthe probability of nonradiative recombinations. The latter
we should mention the bleaching of the excitonic properties, mainly correspond to the capture of carriers at defects such
the band-gap renormalizatiéd,and the screening of an ex- as threading dislocations, and they may become dominant
ternally applied electric fieldl. More specifically, several when the temperature of the sample is raised to 300 K. In
early work§*?have emphasized nonlinear optical propertiesfact, any kind of short-range localization, like that which
that can result from the screening of internal piezoelectrioccurs naturally in the disordered ternary alloyGay N,
fields that are present ifGa,In,A9-based quantum wells or is beneficial in terms of enhancement of the nonradiative
superlattices by photoinjection of high densities of electrondifetime.?® To this extent, group-IIl nitrides are particularly
hole (e-h) pairs. advantageous too, because they can easily produce band-gap
In recent years, a lot of attention has been paid to a newlifferences of the order of 1 eV or more, and thus induce
class of low-dimensional structures, made of hexagonagfficient confinement. This effect is further enhanced by very
(wurtzite) group-Ill nitride semiconductors, due to their po- large effective masses (@ for electrons and larger than
tential application as the active materials for short-1mq for holeg, which also dramatically increases the densi-
wavelength laser emissidi.The main peculiarity of these ties of states in two-dimension&D) systems if compared to
systems is the existence of an internal electric field compamore familiar QW’s such as GaAs/Aba_,As and
rable to or much larger than 1 MV/cm, along the growthIn,Ga _,As/GaAs.
axis. The origin of this large electric fiefti*°is the differ- Considering the “giant’confinement, Stark effect, and
ence in both the spontaneous and piezoelectric polarizatiordensities of states, the purpose of this work is to predict, by
between the barrier and well materials. This electric fieldusing envelope-function calculations, some original phenom-
strongly modifies the optical properties of the QW'’s or QB'’s. ena that should be observable in group-IIl nitride Qs
First, it induces a large redshift in the transition energiesplanes of QB’$ under high photoexcitation conditions.
because of the QCSE;?2such that the emission of the QW Given the current uncertainty on several physical parameters,
can cover the entire visible spectréft?? by changing the starting with the electric field itself, our aim is not to give
well width, although the band gap of the well material cor-accurate prescriptions for active device systems. Instead, we
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will provide a qualitative description of the physical pro- Fv . ' - v - f. r - T - T3
cesses at work and emphasize the advantages of group-1ll  -098F /-A\ -
nitrides. [ "‘3\ '
A number of interesting effects have already been pre- i
dicted and/or experimentally verified, such as the screening
of the excitonic interactioR® We will specifically investigate
the screening of the internal electric field in the W2
that can leadamong othensto (1) a blueshift of the emis-
sion spectrum due to the partial cancellation of the
QCSE?"~% (2) a higher recombination rate for the optical
transitions?>~® (3) a modification in the absorption 030} 4 .
spectrum*3® due to the direct relation of the absorption co- L i
efficient with the oscillator strength, arid) an influence on 03515 — — —
the optical gain properties of JGa_,N/GaN-based laserS. 12 08 04 00 04 03 12
The oscillator strength is proportional to the square overlap k, (nm™) k, (nm™)
integral of the electron and hole envelope functidmsreaf-
ter referred to as the “overlap integral”For the ground- FIG. 1. Calculated valence bands of a GaN epilayer, with a
state transition E1-H1) in nitride-based heterostructures, biaxial in-plane compression perpendicular to (8802 direction
this quantity can be very small due to the spatial SeparatioﬁhezaXiS)- The quasicubic approximation was used, identifying the
of electrons and holes. We must consider, too, that large (OOO:I? direction of the wurtzite structure with tt(lell) d.irection of
pair densities can induce a significant band-gap renormalizd® zinc-blende structure. For the in-plane dispersion curves, we
tion, due to many-body effecte37:38The main effect of this have .usedkt: (ki+kj)™< The numerical parameters used are gath-
renormalization is an overall redshift of all transition ener-ered in Table I.
gies. To the best of our knowledge, the most complete at-
tempt of theoretical description of the high photoexcitationthe dispersion relations for GaN, calculated using the param-
of nitride QW's is that of Ref. 35, including the screening of eters gathered in Table I, including some typical in-plane
excitonic effects, the screening of the internal field, many-biaxial compressiord. The A and B bands have nearly par-
body effects, and valence-band mixing. Howe\adr,of the  allel dispersion relations along thadirection, i.e., th&0001)
above-mentioned works were restricted to the spectral regiogrowth axis. Consequently, the effective masses for Ahe
near the ground-state transitioB{-H1). and B bands along this axis are quite simileand quite
In this work, contrary to previous ones, we calculate thelarge. We take the same value ofy=mg=1.1m,, for GaN
entire interband absorption spectrum of GaN@4,_,N  (Ref. 42. As a result for a given QW, each heavy-hole sub-
QW’s, thus including excited states, and we investigate itdand is accompanied by a light-hole companion at a constant
change under high photoexcitation. We find that a significanélistance that is fixed by the splitting of tileandB bands in
positive differential absorptiofPDA) can be induced in the strained GaN, i.e5-30 meV, from our calculations. On
these structures, and we estimate the optical power densitié@e other hand, the effective mass for t@eband is much
necessary to produce such a nonlinear optical effect. smaller (nc=0.15my, Ref. 42 and thus, for narrow QW’s
such as those considered here, there are only few confined
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THEORETICAL MODEL TABLE |. The valence-band parameters used in our calculation

To calculate the effect of high densities @ pairs, we  of the dispersion relation of Gal¥ig. 1).
solve self-consistently the Schinger and Poisson equa-

tions within the envelope function approximation. We only A1 —6.56"
consider the first three confined subbands for electrons ant -0.97
the first six subbands for “heavy” and “light” holes. In fact, As —5.68
the valence band of wurtzite nitrides is threefold, with theA, —-2.83
maxima of the so-calledd (“heavy holes,” H), B (light  As -3.13
holes,L), andC bands lying within a few tens of meV. D, (eV) -5.32
In the majority of cases, the nitride-based QW's and QB’sD, (eV) -10.2%
are made of GaN or |)fGa, N layers that are under biaxial D5 (eV) —4.97
elastic compression because of the lattice mismatch with thp,, (ev) 2.7
barrier material, itself strained by a buffer layer, usuallya, (ev) 0.027
made of GaN. For samples grown on sapphire substrates, (ev) 0.015
(most of the casgsit is well-knowr?**that this buffer al- 4 (ev) 0.005
ways undergoes some degree of in-plane biaxial compress —0.01

sion. The biaxial compression of the wédr box), the “crys-
tal field” induced by the hexagonal symmetry, and the spin-Reference 42.
orbit coupling have an intricate effect on the structure of the’Reference 39.
valence band, but the result is rather simple. Figure 1 show%Reference 41.
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levels, and they are pushed to much higher energies thar - r r r 1t 1 1
those arising from thé andB bands. I
Concerning the oscillator strengths of the various inter- |
band optical transitions, probed by transmission experiments,
we consider only the case of normal incidence, i.e., with the 4 |
light polarized along the growth plane. In this case, the di- |
pole matrix element between the valence band and conduc-~
tion band is nonvanishing for both th& and B states,
whereas it is close to zero for the states of thband. It has
been showri?4%4344moreover, that due to the biaxial com-
pression, the optical matrix elements are nearly equal for the [
A and B transitions. We thus assume equivalent oscillator ™
strengths for bott®\- andB-related valence subbands, and we
do not include theC-hole states in the calculations. -
Moreover, we do not include excitonic properties, since it
has been established earffethat the exciton binding energy
goes to zero for carrier densities of a few*16m™2, lower
by one order of magnitude than those considered in this
work. Assuming continuous-wave excitation conditions, we
model a quasiequilibrium situation, leading to a given 5
steady-state density @&-h pairs. Using the two-dimensional
densities of states, proportional to the appropriate in-plane
effective masses, we calculate the population of each sub--

unit

RGY (arb

band and the quasi-Fermi-levels for electrons and holes.% [
Given the population of each subband, we calculate the 2 | -
modification of the potential by solving Poisson’s equation: g : .
2 g B () _
Voo p(2) o gl
dz eeq’ o
w - -
wherep(z) is the charge density profile given by L
Z)=e n-f-zz—n-f422, 2 PR TR | 1 | I ST
p@)=e2 [ f(@]*~nejlfei(2)|’] 2 P R mre e
wheref,,; ;(2) are the envelope functions for the electrons POSITION z (nm)

and holes in the well and,y, ; ; are the carrier populations

for each subbandandj. Moreover, FIG. 2. The band profile of a 16-ML-wide GaN/AGay ¢N

quantum well with opposite electric fields Bfy=1.4 MV/cm and
12 3 Fg=—0.77 MV/cm in the well and barriers, respectively. Dashed
n= E Nyi= E Nejs (3) lines show the first two quantized subband minima for electrons and
i=1 i= holes. The corresponding envelope functions are shown, too. Case
. . . . (a) corresponds to the low-excitation regime, with no screening
wheren is the total density ob-h pairs. By using Eqs(2)  effect. Caseb) corresponds to the result of our self-consistent cal-
and(3), we account for the fact that the charge distribution incyjation for an electron-hole pair density=6x 102 cm™2.
the QW is affected by the population of excited states and
not only of the ground state. The energy levels and envelopkigure 2 illustrates the change of the band profile of the first
functions are determined by slicing the space into thin layeréwo quantized energy levels and of the envelope functions
and by using a finite-element technique. This method is mor#hen large densities of pairs are present in the QW. The high
accurate than the perturbative approach, based on the mixirgxcitation totally changes the splitting between the various
of the solutions of a zero-field problefwhich should not levels and the details of the corresponding wave functions.
be used, in principle, for such large electric fields and large To calculate the interband absorption spectrum, we refer
well widths° Indeed, this approach is only valid if the Stark to the formulation of Haug and KocH:the absorption coef-
shift of the ground state is much smaller than the zero-fieldicient of an ideal medium of dimensionalityis the product
separation betweef1 andE2 stated?® which is not the case 0f a dimensionless spectral term and an amplitude factor. For
for nitride QW’s. With our method, on the other hand, the free-carrier absorptiofno excitonic effedt the spectral term
details of the band curvature induced by the charge accumdollows a square-root variation with photon energyfor d
lation are obtained self-consistently, leaving us with a curved=3, whereas it is made of the addition of step functions
potential profile. This is more accurate, especially concernstarting at each interband transition enegyfor d=2. The
ing the oscillator strength, than including an artificial amplitude factors can generally be writteri°=0/(7ag)
“screening field,”® thus keeping a triangular band profile. and «2°=@/L, where
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27| de,|? zinc-blende semiconductors, where the oscillator strength of
= Fngcal (4)  light- and heavy-hole excitons differ by a factor of 3, under
B

normal incidence of light. Thus for the present group-IIl ni-
is essentially the optical density of the 2D medium whentrides, any exchange of the “heavy-hole” and *“light-hole”
probed by light propagating perpendicular to its plane. Thecharacteristics between two anticrossing subbands should
background refractive index is,, and ag is the exciton keep the oscillator strength constant. As for the shapes of the
Bohr radius(3 nm for GaN, while d., is the interband op- densities of states, we consider that the broadening parameter
tical matrix element between valence- and conduction-banéhat we chose should somehow dampen this effect, although
Bloch states. In practice, we deal with the optical density ofthis will have to be proven in future work.
a quantum well, for which each interband transitiap has In the following, we consider sheet carrier densities larger
a different oscillator strength. We thus multipy by the  than the Mott density, i.e., of a few times f@m 2. In
square overlap integral of electron and hole envelope funcerder to include the band-gap renormalization that results
tions, |len(i,j)|2 for each steplike absorption onset. For from carrier-carrier scatteringmany-body effects, we refer
practical reasons, we use the absorption coefficient of Gakp previous work®*"**where this effect has been calculated
(10° cm™ 1) as a referenc®. This coefficient corresponds to for group-llI nitride-based QW's, including or not the elec-
the excitonic absorptionthus influenced by the so-called tric field effects and/or the valence-band mixings. The main
Sommerfeld enhancement factor, which is exactly equal téesult and the only effect that previous workers have consid-
2 at the band gapd=3). Therefore, we have 720,8'3 ered so far are quite simple: given a densityedti pairs, the
=10° cm™ ! from which we deduc® = 1.5x 10" 2. band-gap renormalization yields an overall redshift of all op-
To account for high excitations, we increase the density ofic@l transitions. In fact, the authors of Refs. 37 and 38 have
e-h pairs step by step, in order to describe correctly theeStablished that this redshift follows some “universal” be-
change in energy levels in the corresponding densities dfavior for nitride QWss, illustrated by Fig. 4 of Ref. 37,
states and in overlap integrals. In addition, due to exclusioflthough electric fields were not included in Ref. 37. We
effects, such high excitations induce the bleaching of som#ave checked from the calculation of the band-gap renormal-
optical transitions involving occupied final states. We ac-1Zation in Ref. 38, which mcludgs the elect-nc field effect for
count for this by multiplying the proper absorption steps by GaN/Ab GagN QW, that this calculation follows the
another steplike factor, i.e., zero for occupied states and 1 féfame general behavior. Then, the band-gap renormalization
the unoccupied ones, which correspondd te0 K. Finally, can be deduced from the following law, which fits the results
optical gain is also made possible for transitions betwee®f Ref. 37
populated electron bands and populated hole bZhdbe AE
gain is given by the calculated absorption coefficient, with G
opposite sign. Rap
To provide a more realistic picture of systems with inho-\, hare R,p is the binding energy of two-dimensional exci-
mogeneous broadening, we make a convolution of the calCypng e, four times the three-dimensional value for GaN
lated ~ spectrum by a sigmoidal functionX(E)=(1 (g 0.1 eV) andr,p the so-called “dimensionless inter-

Eji —E/AEy—1 g ] / X : . A
+ e ) *, whereE;; is the_energy for each transition 5 icle distance,” which is deduced from the exciton two-
with a broadening factor oAE=50 meV. This is reason- jimensional Bohr radius, a2°=0.53°, by rup

able, considering the state-of-the art broadening of opticall 2D\ 211/2 2D_
features and the high degree of excitation. This broadening is L Wn(a.BD) I WhereaB 1.5 nm for GaN. o o
quite larger than the light- to-heavy-hole splitting that we We estimate redshifts of 0.083 eV fo|:2><101. cm

nd of 0.136 eV fon=28x 10" cm 2. The absorption spec-

ggL(Zal;:]a]Efaniln; rl;c](l)snlaatrggirotlj)so ttrggr;g?]ts E:Jt;[;]neg\fg?; n%r;e[;/;%l ra calculated below do include these slight redshifts, but we

In fact, it is clear that a full treatment of the so-called ths;?]t :rt'héhfagﬂf;\{'?ﬁé égiﬁgt(;?as?égoggs i?esgﬁwecingggl
‘valence-band mixings” would improve the accuracy of the- transﬁions especially those involvin gexcited statesp are
oretical predictiond? Nevertheless, we propose our para- » €SP y 9 '

bolic model as a first approach to the problem to be refinetﬁmd'f'ed by a high |nject.|on.oé-hpa|rs, via the only screen-

in later investigations provided that the pertinent materialmgAOf fthetlhntedrnal electlr Ic f|eld£ fth bl th
parameters are known with accuragyhich is certainly not foll s forthe %{naTlc?has_p_ects g—h e_p:jo e.T' We use the
the case noy Although this does not constitute a proof of oflowing equation for the Injectee-h pair densityn.

validity, we just wish to present the following arguments in n=gr (6)
favor of the our simplified model. Inclusion of valence-band '

mixings will essentially(1) change the shape of our steplike Whereg is the generation rate for the pairs amds their
joint densities of states into more complex curves &)d recombination time. The latter is given by *= 731+ 73,
induce exchanges of oscillator strengths between anticrosgrhere g and 7y are the radiative and nonradiative recom-
ing subbands. Now, regarding these oscillator strengths, wiination times. For low-temperature experiments or, for
have already noticed that they were made nearly equal fdnigher temperatures, in case of localized carriers, as for
heavy-hole and light-hole states by the in-plane compressivguantum boxes and/or J&a N alloys (see abovg the
strain, and made vanishingly small f6rholes. This makes a overall decay time is nearly equal tg becauserg<<my\g.
very large difference with more familiar systems based orfFor free excitons, the nonradiative contribution may be

=—1.6Mrp) *" ®)
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dominant, especially at room temperature. In the latter case, TABLE Il. The numerical parameters used in our numerical
Tnr 1S SMall and we will assume it independent of #adn  calculations of transition energies and oscillator strengths. Super-
pair density. On the other hand, if the radiative recombinascript 2D indicates the in-plane effective masses, useful for calcu-
tion dominates, as the electric field is screened, the overlal3ting the two-dimensional densities of states.

integrals for the various transitions change. This contributes

to the reduction of the radiative lifetimeg for the E1-H1 GaN AN
recombination, which we calculate self-consistently. How-g (ay) 35 6.2
ever, for densities of pairg), larger than the Mott density Eg 0.8

Nwot= 1/(7a3), whereag is theactual exciton Bohr radius, m/m 0.* 0.33
we need to consider the bimolecular recombination of eleCFnZD/r(r)10 0.2

trons and holes, where the recombination rate is no Iongergﬁhlm 1.1¢ 353
proportional ton, but proportional ta?. We can put this in ng m° 1 é§ '
another way by considering a decay time inversely propor—m'g'g)/mz 0'15d

tional ton. Eventually, we can obtain a reasonable estimation "

of the radiative decay time, provided that the low-excitationageference 50.

value 7(0) is known, as well as the change of the electron-breference 51.

hole square overlap integrdaih(n) by using the following  cReference 52.

approximation: YReference 42.
‘Reference 53.

7(n) [1240)/134(n)  for n<nye (7

7(0) [ [13(0)/12(M) INyee/n TOr N>nNyor.  (70)  ration of the electron and hole envelope functions by the
electric field counteracts the quantum confinement. Then, we

The generation rate is given by obtain Ny~ 1.4% 1012 cm™2.
Figure 3 shows the different effects contributing to the
g=(1—e“’(E))ﬁ, (8) absorption onset involving th&1l andH1 subbands: the
SE blueshifts induced by the screening of the electric field and

. . . o by the filling of the subbands and the redshift induced by
where 6(E) is the optical density at excitation energyand band-gap renormalization. For the sake of generality, we

Pi,/Sis the incident power density. Possible reflection of thehave performed the same calculations for the 4-nm-wide

incident beam is not taken into account. However, the tr"’}ns('Ga,ln)N/GaN quantum well of Ref. 35, although it was dif-
lational asymmetry of the well makes optical transitions in-

) . L icult to rebuild the hole effective masses from their valence-
volving excited states more or less allowed, a situation th and parameters and although their piezoelectric field is
evolves as the system is more and more excited and that V\fgrger than 3 MV/cm, i.e., much larger than those measured
also account for seli-consistently. experimentally. The absorption spectra of Ref. 35 include
sharp excitonic resonances for=2x 102 cm™ 2 and above,
RESULTS AND DISCUSSION which we find surprising because our own variational calcu-

- lation, using their parameters, yields a binding energy of 17
We present results obtained for a GaN/A&Ba N QW . .
with a width of L,,= 16 atomic monolayeréML's), i.e., 4.1 meV, a Bohr radius of 4 nm, and thus a Mott density of

nm and barriers of. ;=30 ML. By a simple scaling proce-
dure, based on previous experimental studies of such L \ . .

4815 prev perimenta UCN 300 | GaN 1 Al, Ga, N QUANTUM WELL
systems;?**we can estimate the electric field and the radia L, =41 0m
tive lifetime in the low-excitation regime for this QW. The [

fields in the well and barrier, expressed in MV/cm, are given

200 |
by FW:55X LB/(LW+ LB) and FW:55X Lw/(Lw+ LB)! § I ]
wherex is the Al composition in the barriers. Here, we obtain = ]
Fw=1.4 MV/cm andFg=—0.77 MV/cm. By the appropri- L:TIE 100 [ ]
ate calculations of overlap integrals, we can extrapolate the®» [ s ]
radiative lifetimes measured in Ref. 49, and we obtHiD) ® | - - — - Band Filling o 1
€ ofb—mm Screening of Electric Field ]

=22.2 ns for the present example. We have taken the nu-
merical parameters gathered in Table Il for the GaN and AIN &
binary compounds considered nfar 0 K. The band gap of . ]
the ternary alloy was estimated by linear-interpolation for -1®f — TTrme—ee ]
simplicity, and we assumed a strain-free conduction-band 1 : * — 10
offset of 80% of the total gap dlffe_rerjce. _ ELECTRON-HOLE PAIR DENSITY n (10" cm?)

We have also performed a variational calculation of the
exciton binding energy and Bohr radius; we obtat FIG. 3. The various contributions to the shift of the absorption
=24 meV andag=4.8 nm, respectively. The binding energy onset for theE1-H1 transition, for a 16-ML-wide GaN/A4|,Ga, (N
is comparable to the bulk valu@5 me\) because the sepa- quantum well.

—-—--Bandgap Renormalization
Total Shift
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0.05 r—r—r—ry : : . : N AL AL A -
 oonal 007 [ GAN/AL, Ga, N QUANTUM WELL o
004 T L,=410m - ]
E1H1 Excltoni 1 0.06 |- R ]
[ 0.001} clionic 1 : R 4
E [ | Interband % 0.05 | n=0 ,{, < g
2 0.03- . E 004- - - = n=210"%cm? ,/. - ]
w .o.oog [ 4 a - 12 -2 “ -
o [ . 33 34 . ] 5 L e n=510"cm 4
2 o02f h g 0B ——-n=g10”cm’ .
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Qo I ] 3 L |
O horl ] 0.01 i
[ ] 0.00 e ]
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3.0 3.2 34 36 38 40 42 3.0 32 34 36 38 4.0 42
PHOTON ENERGY (eV) PHOTON ENERGY (eV)
FIG. 4. The solid line shows the calculated steplike absorption FIG. 5. Optical density spectra for a 16-ML-wide

spectrum for a 16-ML-wide GaN/AlLGa, N quantum well. Each  GaN-Al ,Gay N single QW, for densities of electron-hole pairs
step corresponds to a new transition eneffgy. The fundamental =0 (solid line), 2X 10'> cm~? (dashed ling 5% 10'? cm™ 2 (dotted
transitionE1-H1 is shown to illustrate its very small probability. in€), and 8<10'* cm~? (dash-dotted line
The dashed curve shows the effect of the broadening. The inset
shows the absorption spectrum restricted to the only fundamentamall broadening. At higher energies, the absorption spectra
(E1-H1) absorption onset, both in the interband model that wetends to flatten, as a result of the conjunction of the so-called
used in this work and in the excitonic approach, for a comparisorsommerfeld factor and of the 2D density of states. Now,
with previous modelingse.qg., Ref. 3% when we properly include the excited transitidisH; and
some broadening, we observe a nearly continuous increase of
1.9x 10'2 cm™ 2. Nevertheless, we did this comparison in or- the absorption, reaching values that can be larger by 2 orders
der to test our simplified model against the most thorougtof magnitude than the absorption at the fundamental transi-
description available. Far=5x% 102 cm™2, our calculation tion. Indeed, the latter is made extremely small by the
gives a blueshift of the absorption onset of 0.3 eV, whereaslectric-field-induced separation of electron and hole wave
the calculation of Ref. 35 gives-0.2 eV. Considering the functions, with absorption coefficients of a few times
basic differences, commented above, between the two mod?? cm™*.%°
els, especially our more detailed description of the potential Figure 5 shows the optical density spectrum for four dif-
profile and envelope functions, we believe that this differ-ferent densities of injected-h pairs. The blueshift of this
ence is reasonably small. We also believe that this smalransition, which is the most straightforward effect of the
difference absolutely does not challenge our results on thecreening of the electric field by reduction of the QCSE, is
positive differential absorption, shown below. partly compensated for the lower valuesroby band-gap
Figure 4 shows the optical density spectrum without andenormalization. Several competitive mechanisms contribute
with the sigmoidal broadening function. The latter essentiallyto the modifications of the optical density spectrum. First, the
smooths the steplike absorption onsets corresponding to theassical bleaching of several optical transitions by popula-
transitions involving the various excited states. The considtion of the lower subbands tends to induce a negative differ-
eration of those states is really what makes our approacéntial absorptiofNDA), specially in the low-energy region
different from previous ones. To illustrate this point, the insetof the spectrum. Second, the screening of the electric field
in Fig. 4 shows an enhanced calculated spectrum where wiaduces a blueshift of thE1-H1 transition and a significant
have only considered the fundamental transitieii,-H1, enhancement of the absorption involving some excited
thus a single step of density of states, similar to the calculastates. If the band-gap renormalizatitthe third effect is
tion of Ref. 35. For a better—though still qualitative— not included, this screening induces a positive differential
comparison with Ref. 35, we have added a calculation of th@bsorptionPDA), only for energies larger thar3.6 eV. But
excitonic absorption with a smafllnd unrealisticbroaden- the band-gap renormalization redshifts the entire absorption
ing parameter. We have used the 2D model of Shinada angpectrum. The result is théi) this PDA exists for a wider
Suganc? including the above-mentioned exciton binding spectral regior(all energies above 3.3 ¢Vand ii) the am-
energy that we calculated. In fact, for a reasonable treatmenplitude of the PDA is enhanced, compared to the case where
dimensionality issué&°®demand consideration, here, which the renormalization is not included. Finally, when the pair
is not the purpose of this paper because the present excitodsnsity exceeds some5x 102 cm 2, the appearance of
have similarities with type-IlI excitons due to electric fields. gain (negative absorptionincreases drastically the NDA on
Again, it is difficult to make an accurate comparison sincethe low-energy part of the spectrum.
we cannot know from Ref. 35 what the exciton dimension- More precisely, between 3.4 and 3.6 eV, wheiis in-
ality is. In both the present calculation and that in Ref. 35,creased, the system starts with a PDA, but population effects
the sharp absorption edges are simply due to the choice ofsuddenly reduce again the absorption coefficient above some
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FIG. 6. Relative change of the optical density spectrum for a

FIG. 8. The analog of Fig. 6, but for three different Al compo-

16-ML-wide GaN-ApGa N single QW, between the situation sitions, x,,, in the barriers, respectively: 0.&traight ling, 0.6
where the internal electric field is not screened and cases with thre@lashed ling and 0.8(dotted ling. The injected carrier density is
different steady-state densities of electron-hole pairs, indicated im=5x 102 cm™2.

the figure.

creases, not only the barrier height but also the electric field

critical e-h pair density. This is better illustrated by the rela- jn the well drastically increase&ee above pushing the
tive change of optical densith®/0 (Fig. 6), for different  electrons and holes apart. Consequently, the overlap integral
values ofn. For instance, near 3.5 eV, the absorption coeffi-decreases, reducing the absorption coefficient and redshifting

cient is multiplied by~2, for n=5x10">cm™? and then it the position of maximum PDA. In fact, Figs. 7 and 8 dem-
collapses near zero due to band filling and gain rier8

X 10* cm 2.
In Fig. 7, we plot the relative change in the optical densityabsorption. The electric fields can be varied over a very large

between the low-excitation conditions and that witk-6

onstrate the great versatility of hexagonal group-Ill nitride
QW'’s and QB'’s, concerning these properties of differential

range from a few hundred kV/crifRefs. 48, 49, and 530

X 10'2 cm 2 for different well widths. We observe a larger ~2.5 MV/cm for In, ,Ga, N/GaN QW’s and QB'YRefs. 20
PDA as the well width is increased, together with a redshiftand 25 or even 7 MV/cm for GaN/AIN QB'¢122Then the
of the onset between zones of negative and positive differdecay times can be vari€d®?°?°from nanosecondsgor

ential absorption. This redshift is 8f0.12 eV when the well
width is increased by only 4 ML, i.e5-1 nm. In Fig. 8, we

les9 to hundreds of microsecondat least: according to Eq.
(6), this provides a large versatility of the optical power den-

examine the behavior of systems with the same well widthsities necessary to produce these nonlinear eff@es be-
(16 ML) but with different Al compositions in the barriers [ow).

for the samen=5x10' cm 2. As the Al composition in-

In addition, group-Ill nitrides allow us to cover wave-
lengths a large part of the visible spectrum. This is due, first,

1.5 LI S B A to the band gaps of InN~0.8 eV, from Ref. 5, of GaN
1_0'_ X =0.4 R i (~3.4 eV at room temperature, from Ref.)5&nd of AIN

I n‘“=5 102 em? - ) (~6.2 eV, from Ref. 58 But this is mostly a consequence of
05| o, the giant QCSE that can push emission energies below 2 eV,

0.0

ABG/O

3.2 3.4 36
PHOTON ENERGY (eV)

4.2

whereas the band gap of the well material is close to 3 eV
(ultravioley. We thus see that the original properties dis-
cussed here can ba,priori, adapted to any useful spectral
range, simply by changing the well width by only a few
monolayers and by controlling the compositions.

This adaptability is a unique property of nitride-based
low-dimensional systems: the giant Stark shift, together with
large densities of states, allows electrons and holes to accu-
mulate in a narrow spectral region, strongly redshifted from
the absorption onset, which involves excited states. Then the
PDA at high energies cannot be canceled by the population
effects(bleaching as it would be the case for systems such

FIG. 7. Relative change of the optical density spectrum ofaS cubic 1§Ga yAs/GaAs QW's grown along thelll) di-
GaN-Al, Ga, N single QW's, for an injected electron-hole pair rection, where the electric fields are smaller by one order of
density ofn=6x 102 cm~2, and for respective well widths of 14 magnitude, the densities of states are smaller by a factor of
(solid line), 16 (dashed ling and 18 ML (dotted ling. ~3, and the band offsets are smaller f66**We also find
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FIG. 9. Top of figure: The various contributions to the change of 10 ————s .
radiative decay time versusn, for a 16-ML-wide [
GaN/Aly ,Ga ¢N-quantum well. The dashed line shows the effect of i E\?VN::I?(:::'GN QUANTUM WELL
increasing the oscillator strength of tB4.-H1 recombination, due 8l .
to the screening of the electric field. The dash-dotted line shows an'?g [
estimate of the change induced by the transition from an exciton .8 [
recombination regime to the bimolecular recombination of a denseFS Ly
population of electrons and holes. The thick solid line shows the
overall result. Bottom of figure: In the case of electron-hole recom-
bination dominated by nonradiative processes, we have assumed
constant lifetime of 100 ps.

(b)

PAIR DENSITY (

that the redshift induced by many-body effects contributes to Nonradiative Recombination

the enhancement of the PDA. i

It is important to estimate the optical power densities re- °o — '260' —
quired to observe these differential absorption properties.
Figure 9 shows the dependence of the recombination time

upon the de”S'tY Qé'h pairs as a r_esult of_EqSYa) and(7b) FIG. 10. Dependence of the density of photocreated electron-
for a purely radiative recombination or simply set t0 100 PSygie pairs with the incident optical power density, for a 16-ML-
and constant for a recombination widely dominated by nony,jge Gan-A}, ,Ga, N single QW and for an excitation photon en-
radiative processes. This simplified modeling of recombinaggy of 4.1 eV.(a) The recombination is dominated by radiative
tion processes yields important information: due to the conprocesses; the saturatigor nearly logarithmic increase af) is
junction of bimolecular recombination and of the screeninginduced by the dominant effect of the enhancement of the recom-
of electric fields, the radiative decay time decreases by Bination rate with excitatior(b) The power densities needed for the
orders of magnitude whem goes from 167 to 10 cm™2. same pair densities are larger than in c@ebut there is no satu-

We present, in Figs. 18) and 1@b), thee-hpair densities ration effect.
injected in the well versus the excitation density calculated
by using Eq.(6) for an excitation energy of 4.1 eV. We have x10'? pairs/cn? is 10 times higher than that needed to ob-
purposely placed this excitation in the “active” region of the tain 4x 10'? pairs/cnt. SecondFig. 10b)], we have consid-
spectrum and below the absorption threshold of theered the case where the dominant process is the nonradiative
Alp Gay g\ barrier. First, these figures show the typical op-recombination with a short nonradiative lifetim{@00 ps
tical power densities necessary to induce interesting effecténdependent ofn. The result is that slightly larger power
i.e., of a few hundred kW/cf which is much smaller than densities are needed to produce carrier densities of a few
what is required to obtain nonlinear effects with bulk mate-times 16% cm™2, but still remaining in the range lower than
rials (200 MW/cnf, see Ref. 60 Two extreme hypotheses 1 MW cm 2.
were considered. First, we have examined for Figallthe Of course, the power densities shown in Fig. 10 are scaled
case where the recombination @ pairs is dominated by by the decay times. If the nonradiative decay time is divided
radiative processes. Then, the variatioma$ strongly non- by 10, the power density is multiplied by this factor. On the
linear due to the competition betweé the fast increase of other hand, for purely radiative recombination, such as that,
the recombination rate with, according to Eqs(7a and  for GaN/AIN quantum boxes at room temperatéteve can
(7b) and (i) the slower increase of the generation rate bybenefit from extremely large decay timésver tens of mi-
enhancement of the absorption coefficient from @}. This  croseconds thus reducing dramatically the required optical
is why the power density needed to inject, for example, 8power densities.

L L 2l L a1 L PN T 1 ]
400 600 800 1000
POWER DENSITY (kW/cm?®)
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To be complete in the discussion of other effects that weexhibit such effects that could not be obtained with more
did not include in this paper, we should mention thermalfamiliar semiconductor systems and why they are really
effects, i.e., the expected increase of the effective tempergromising in terms of flexibility. We have identified the lim-
ture of the system due to the importance of phonon-assisteiting factors for these nonlinear properties and we have esti-
relaxation processes. We believe that this mechanism camated the optical power densities required to produce them.
result in a slight redshifting of the spectra that we have cal- We believe that this theoretical work opens the way for a
culated and also in the increasing of nonradiative recombinew type of “band-gap engineering,” accounting for the
nation rates for very high excitations. Nevertheless, the eflarge electric fields in these low-dimensional systems. We
fects predicted above, though modified, should be preservebiglieve, too, that this work will lead to interesting experi-
and they demand to be tested by appropriate experiments anental research on properties that have not yet been investi-
carefully designed samples. gated.
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