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The many-body effects on excitons properties in GaN/AlGaN quantum wells are theoretically
investigated by using a Green'’s function model and the electron and hole wave functions calculated
either in the envelope function approximation or in the frame of a self-consistent tight-binding
model. We show that the built-in field induced by the piezoelectric and spontaneous polarization
charge causes a reduction of the exciton binding energy and of the absorption coefficient well below
the values expected for the quantum well with flat band. At high carrier concentrations, the
many-body screening prevails over the screening of the built-in electric field, causing complete
exciton bleaching at typical densities of the order of?tin2. © 2000 American Institute of
Physics[S0003-695000)04004-3

In this letter we present a Green'’s function model whichtions, using both the envelope function approximation and a
accounts for the effective potential barrier, the well width, self-consistent tight-binding model.
the built-in field, and the screening induced by the injected  The total polarization was evaluated @%q=Pspont
carriers™20 to study the optical properties of excitons in + Ppiezo, WhereP e, is the piezoelectric charge caused by
GaN/AlGaN QWs. The model is an extension of our previ-the lattice mismatch and by the thermal strain, &g, is
ous method?! and represents the first comprehensive treatthe spontaneous polarization at the GaN/AlGaN interface.
ment of the many-body effects in the presence of built-inFor a multiple QW structuréwhich is the system we con-
field and screening. It allows us to calculate the excitonicsider in the following calculationsthe total electric field in
properties in a continuous way, from the low carrier densitythe well and in the barrier can be calculated as
when the built-in field reduces the exciton binding energy
through the quantum confined Stark Effect, to the high den-

sity limit (the typical operation condition of real devies \ynereed ¥ is the relative dielectric constant in the barriby

when many-body effects induced by a free-carrier plasmapg iy the wellw) andL*® is the well (barriej thickness.
screen the Coulomb interaction. The results of this Work-l-he thickness of the barrier is fixed at 5 nm.

have a twofold relevance, in that the model is the most com- Following Ref. 12 for the evaluation of the strain, the

prehensive presented so far, and the properties of the exqiyiit.in field in the wells turns out to vary in the range 1.0—
tons of a strategic material such as GaN/AlGaN QWs are 5 vyjcm, depending on the actual well width and Al con-
well elucidated. We find that even at very low densities thegnt in the barrieffor x varying between 0.15 and 0.8
built-in field reduces the exciton binding energy substantially  £q; the envelope function approximation we have solved
with respect to the flat band case, with typical values of the, merically the Schroedinger equation taking into account

order of 10 meV foa 5 nm QWwith 15% Al contentin the 4 effective potential profile induced by the electric fields in
barrier. Moreover, with increasing carrier density many-bodyip wells and in the barriers.

effects further reduce the stability of excitons, which are 5 vever despite its simplicity, it is well known that the
. _2 L 1

found to be bleached at densities of the order ofeon?, envelope function approximation is not very accurate for

i.e., well below the typical lasing threshold of these hetero,4row wells and cannot be applied to the case of high car-

structures. rier density if coupling with Poisson equation is not properly

Our Green function model takes into account the free.cqynted for. In particular, the presence of high electric

carrier screening of the attractive Coulomb potential at finitée g the peculiar band structure of wurtzite semiconductors
temperatures and the effective confinement potential in thgq the screening of the internal field by the injected charges,
heterostructure. Furthermore, it provides an exact and angghich determines a charge redistribution, limit the applica-
lytic expression for the exciton joint density of states Wthhbi“ty of the usual envelope function approaches. To over-

is used to evaluate the integrated area of the exciton bangh e 4|l the limitations we have used a self-consistent tight-
and its oscillator strength. Details on the method can b%inding model®13-15n particular we have performed self-
found in Ref. 11. For the specific case of GaN/AlGaN QWS sistents p*d®s* tight-binding calculations to determine

we have to include the built-in electric field which bends theyhg ejectron and hole distribution and the internal electrical
potential of the QWs and distorts the carrier wave functionsgje|q The electron and hole quasi-Fermi levels are calculated

To this aim we have calculated the carrier envelope funczy, o given photoinjected charge density. The resulting elec-
tron and hole distribution functiong and p), respectively,
¥Electronic mail: giampiero.traetta@unile.it are used to solve the Poisson equation

FYO=LOW(PR— Pl [eo( L™ e+ L2 e P) ], (1)
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whereD andV are the displacement field and the potential, L Flat band A\
and P,y is the total polarization charge discussed earlier. 40 1 Al x=0.3
Periodic boundary conditions for the potentidlare used to .t /""\-\_ AT
solve Eq.(2).141° 2 sk w \-\.\A
The matrix elements of the potential that takes into ac- £ ¥ 03 x=0.15  "m
count the finite thickness of the quantum well and the free- s =
carrier screening are given by by
| o
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Vi(@)=|——|F(a), 3 =
(= gy [F@ 3 £
£ 2
whereV(q) is the unscreened potential,q) is the dielectric o |
constant, andr(q) is the form factor 15
[ Electric field o
F(a)= f dz f A2y xe(Ze) [Pl xn(zo) [P~ A2l (4) o oy

. . . . . 10 15 20 25 30 35 40 45 50 55
which is computed numerically by using the wave functions

of the electron and the hole along te@xis [ xen(z)]. The Well width (nm)
mOde! was tested 1(7)”_ I_I_V and Ill-V p05|t_|ve-|nf[r|n_5|c- FIG. 1. Well-width dependence of the exciton binding energy for
negative structure’$;!’ giving results for the exciton binding GaN/ALGaN,_,N QWs with: x=15%, flat band cas¢ll); x=30% flat

energy and oscillator strength in excellent agreement wittpand cas¢A); x=15%, with built-in electric field, tight-binding wave func-
the experimental data tions (@) or envelope function approximatiai®©); x=30%, with built-in

. . electric field and tight-binding wave function®). The barrier width is
In Fig. 1 we compare the well-width dependence of thefyeq to 5 nm. 9 9 )

exciton binding energy in QWs with flat bands and with the

inclusion of the built-in field, for different Al contents. In

these calculations the carrier density is assumed to bthex=0.15 wells is found to be about 0.25 fb'=1.5nm

10f cm™2, so that many-body interactions are not important.well and to reduce down to 16 for theL¥=5 nm well, due
Our results show thata) the exciton binding energy is sub- to the increased separation of the wave functions occurring
stantially reduced by the built-in electric field, up to 30% of in wider wells.

the flat band value in the range of well width considered These results C|ear|y show the abrupt reduction of the
here;(b) the existence of the built-in field causes a change inexciton stability caused by the built-in field in GaN/AlGaN
the shape of the well-width dependence of the exciton bindQWS_ This might explain why so far a clear evidence of
ing energy with respect to the flat band capithe exciton  gyciton bands is lacking in the photoluminescence excitation

binding energies calculated by the envelope function apgr apsorption spectra of nitrides QWs, in spite of the strong
proximation or by the tight-binding model are very close for oy iton binding energy of the bulk GaN and of the further

mde Whe”S’ but trgeyf ?r:e dlffe_ztrentbf_ord_narrow Wellsioam) q .enhancement expected for the quantum size effect.
€ ennancement of the exciton bInding energy observed in is, however, important to recall that the polarization
QWs with Al rich barriers in the flat band case is reduced by

the electric field. Moreover for wells wider than 3 nm, the charge can be .S(.:ree.ned by t.h.e Injection .Of carfiess that
S . under suitable injection conditions one might expect that the
binding energies of the GaN/pGa, N QWs are smaller . I .
than those of GaN/Al:Ga s heterostructures, indicating screening of the built-in flelql causes a recovery 01_‘ the exci-
that the effects of the built-in fields are more important thanf[o.n binding energy and oscillator strepgth. In part|F: ular, the
the increase of the band offset. We should point out that fol'mected carriers m_duce two opp03|_te effects: first, t_hey
very narrow QWs, the exciton binding energies, obtained irs¢'€€n the polarization charge at the interfaces and the inter-
the tight-binding context, are higher than those calculated byal electric flel_d. ThIS should mcre_ase the exciton oscillator
the envelope function approach. This effect, already noticed"€ngth and binding energy, thus inducing a recovery of the
in InGaAs/GaAs system¥,imposes some limitation to the €Xciton peak. Second, the Coulomb interaction between the
use of the envelope function approach for the calculation ofléctron and the hole is reduced owing to the well-known
the exciton properties of narrow wells. This is particularly Plasma screening effects. These two effects are obviously
true in nitride based QWs since the polarization fields alway§ompeting, and it is na priori clear which one prevails and
confine electrons in a narrow region of the weétiose to the ~ determines the excitonic properties of nitride QWs at high
edge of the triangular well shape induced by the polarizatiorarrier densities.
fields). To this aim it becomes very important to include many-
In Fig. 2 we show the well-width dependence of thebody interactions in our calculations, in order to model the
integrated exciton absorption, calculated by multiplying theexciton properties as a function of the carrier density in the
square overlap and the integrated joint density of staf€s presence of screening and built-in field. The calculations are
obtained by our Green'’s function modéland normalized to  done in the static limit of the Single Plasmon Pole Approxi-
the fiat band case one. The normalized exciton absorption ehation. In this limit, the dielectric function in E¢3) reads’



1044 Appl. Phys. Lett., Vol. 76, No. 8, 21 February 2000 Traetta et al.

30
x=0.3
*—o
o \.\ 1 Rydberg
c AL N~ L P N
s 251 x=0.15 \°\°
=3 o}
g ' IR\
2 f>~ L=2 nm []
8 2| o 20 Q
210 £
e 3 x=0.15
X & 15 o—o—g °
[} c -
T s ) _ Y o)
N10°¢ > x=0.3
© 5 L
£ g
S m L=4 nm
T
X 10%E
10 . 5
1.0 1.5 2.0 25 3.0 3.5 4.0 4.5.5.0.5.5
0 PRETTTT ERRTTY ERTTTT BRI BT BT MR ErwTr
Well width (nm) 10° 10° 10" 10° 10° 10" 10" 10" 10"
FIG. 2. Well-width dependence of the integrated exciton absorption normal- Plasma density (cm'z)
ized to the absorption of the flat band case for Gap{&ba, ¢sN (M) and
GaN/Al, :Gay N (®). The barrier width is fixed to 5 nm. FIG. 3. Carrier density dependence of the exciton binding energy fonm

wide QW withx=15% (O) andx= 30% (@), and for a 4 nm wide QW with
5, o x=15% (M), x=30% ([J), at 4 K. The barrier width is fixed to 5 nm.
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