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Optical gain in GaN quantum wells with many-body effects
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Band-gap renormalization and Coulomb enhancement due to many-body effects have been studied for
wurtzite quantum well structures. Considering the coupling between the chemical potential and the band-gap
renormalization, we calculated the band-gap redshifts of a few valence subbands self-consistently in a GaN/
GaAIN quantum well structure using a nonparabolic band approach. We find that the renormalization not only
produces redshift but also increases the quasi-Fermi-level separation relative to the effective band-gap. This
causes an increase in optical gain for a given carrier density of about 40% compared with the free carrier model
due to carrier redistribution by the band-gap renormalization similar to the enhancement by elastic stain. On the
other hand, considering the angular dependence of the dipole matrix element, we have obtained an explicit
expression for the Coulomb enhancement factor in wurtzite quantum well structures for the first time. Our
results show that the band-gap renormalization is the dominant contribution to the optical gain enhancement
rather than the “Coulomb/excitonic enhancement”in these struct(8f:63-18209)03847-3
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Semiconductor lasers based on the wide, direct band-gap Hic kK Y Ti(op— o)
group-lll nitrides have substantial application potential in

light emitters ranging from blue-green to ultraviotef Since

and where 1y, is the scattering time of the carrieys, is the
. S dipole matrix element which is roughly proportional to the
the first report of a pulsed operation in an@s _,N quan- transition matrix elementV, o=V, is the Fourier

tum well (QW) laser diode(LD) in 1996, there has been . )
much progress at the laboratory level. Now the continuous'EranSform of the screened Coulomb potential, aag, is the

wave operating lifetim&of blue-emitting 1nGa,_ N lasers transition energy of the electron and hole, which is defined as
is over 3000 h, though the material quality is still very poor
compared with the material used in GaAs-based optoelec-
tronic devices. A clear understanding of the optical processegere,A e, is the band-gap renormalization or self-energy due
in nitride materials is an important part of the effort to de-tg the Coulomb interaction which can be written
velop these devices. The transparency carrier density in ni-
tride laser devicésis around 18’ cm 2 and the exciton Aeg=Aecy+Aesy, (4)
binding energy in bulk GaN is of order 30 meV. Both of
these are significantly greater than in GaAs-based devices sohere
the Coulomb interaction between carriers must have a sig-
nificant effect on the optical properties. _

There have been many papers published on many-body AECH_q;ﬁO Vol 1/e(q,0) 1], (53
effects, for example, Refs. 5-9. We have studied the effects
of band-gap renormalization and the angular dependence of
dipole matrix element on the optical gain in wurtzite QW Aegy=— D, Vs q(Nek +Npir) [k=0- (5b)
structures. The angular dependence has usually been ignored k’
in earlier work, for example, Refs. 10-12, and our studyA

. : €cn is called Coulomb hole energy or the Debye shift and
suggests that this negl_ect may overestimate the Coulomb eﬁ'esx is the screened-exchange shift, which in general is de-
hancem_ent of the optical gain. We _have also de\_/elopeq Bendent ork. It is an acceptable approximation to use the
much simpler approach for calculation of the optical 9ain, iue atk=0 .13
including many-body effects. Our results suggest that band- In Eq. (53 &(q,e) is the dielectric function and the

gap renorr_nall_zatlon by many-body effects may be Fhe doml-Screeneol Coulomb potentis:
nant contribution to the increase of the optical gain due to

ﬁwszek+6hk+€go+AEg. (3)

many-body effects in GaN-based QW structures. _
The optical gain with many-body effects in semiconduc- Vsa=Va/e(G,e). ©
tors can be written a3 According to the single plasma-pole approximation:
_ K 5 |l Nt Npy—1 @ s (q,0) =1+ w3/[(0+iy)?— 2], @)
9% 256V 42 1-qK) yeti(op—)

where  wi=wj(1+a/\)+(hq%2m,)?  for a  two-

where the Coulomb enhancement factor is given by dimensional system. Herg is the inverse static screening
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FIG. 1. The valence-band structures in a 5-nm GaplBk, N FIG. 2. TE gain spectra in a 5-nm GaNGa, g QW at various
QW, (a) without band-gap renormalization ar) with band-gap  carrier density(a) without band-gap renormalization artkd) with
renormalization at carrier density of X80'° cm™3. band-gap renormalization.

length and 1y is the scattering time of the system. It is proach. Comparison with the free carrier model without
common to use the static plasma-pole approximation whictlienormalization indicates that the Fermi-level separation
setsw+iy=0.""1 (Ere—Egy) relative to the effective band gap is increased
In the following sections we consider first the band-gapwhen the self-consistent renormalization is considered. In the
renormalization and then the effect of Coulomb enhancementsual calculation the conduction and valence bands and their

on the optical gain. respective quasi-Fermi-levels move rigidly under renormal-
ization, and the difference between the quasi-Fermi-level
Il. BAND-GAP RENORMALIZATION separation and the effective band-gap is unchanged. When

the self-consistent iterative scheme is used in this case, the

Due to the Coulomb interaction between electrons andlifferences in carrier populations in each valence subband
holes, the band gap is reduced, and this narrowing can bare such that the bands renormalize at different rates, result-
calculated by Eq(4). In nitride lasers the transparency car- ing in a redistribution of the fixed total number of carriers
rier density is very high, around ¥ cm™3, and the reduc- amongst the bands and a shift in hole quasi-Fermi-level rela-
tion of the band gap is reported experimentally to be as highive to the uppermost band.
as 150—200 meV in nitride devicé$We have calculated the The TE mode optical gain was calculated according to Eq.
band structure for a single 5 nm GaNAGa, N quantum  (1),*% including only band-gap renormalizatiofsetting
well by k- p theory using the basis function methtd®and  q(k)=0], and the results are shown in Fig. 2. With the re-
the resulting valence bands are given in Figa) without  sults based on the free carrier model being given in Fig). 2
renormalization. The position of the quasi-Fermi-level isfor comparison, the results in Fig(t8 show the optical gain
shown for 7.5¢10* cm 2 (1.5x10° cm 3) carriers in  spectra for various carrier densities in the presence of the
the well. When several valence bands are populated withand-gap renormalization. The difference in the energy
carriers it is necessary to adopt a self-consistent iterative apscales of the gain spectra in FiggaRand 2b) are due to
proach to determine the quasi-Fermi-levels and the renormatenormalization. At an injected carrier density of 7.5
ization energies because the renormalization of each band 10> cm™2? we obtained a reduction of 140 meV for the
depends upon its respective carrier density, and the holeffective band gap of the GaN/&ba, _ N well, which is
Fermi-level position at a given carrier density depends inconsistent with reported experimental data in Ref. 14.
turn upon the separation of the bartd®in a GaN quantum In a simple model, rigid renormalization of the band gap
well, the separations of the first few valence subbands ardoes not change the magnitude of the gain for a fixed carrier
usually similar to the thermal energi¢dT) at room tempera- density. Comparison of the two sets of gain spectra shows
ture so it is important that this iterative procedure is adoptedthat the optical gain at a given carrier density is increased

The renormalized band structure, shown in Figp) With  significantly when the renormalized band structure is consid-
the corresponding hole Fermi energy, has been calculated ®red. The threshold current of a Fabry-Perot laser is deter-
this self-consistent, iterative approach for a carrier density omined by value of gain at the peak of the spectrum, and this
7.5x 10" cm 2 in the well using a nonparabolic band ap- is increased by about 40% at a given carrier density. This
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behavior can be understood by reference to the Bernardemb enhancement factor in wurtzite QW structures.
Durraforg condition for transparency, which indicates that In wurtzite material, such as the nitrides, the band-edge
the gain is controlled primarily by the difference between thewave functions of the valence bands can be written explicitly
separation of quasi-Fermi-levelE{,— Ey,) and the photon as?

energy. The minimum photon energy is defined by the effec-

tive band gap so the gain is controlled by the difference |hh>=—(a*/\/§)|(X+iY)T>+(a/\/§)|(X—iY)l>,
betweenEr.— Eg;, and the effective band gap. For a carrier

density of 7.5¢10*? cm 2, band-gap renormalization pro-

duces a 10 meV increase iy.— Eg, relative to the effec- [th)=(8/ \/E)I(X—iY)T)—(,B*/\/E)|(X+iY)L),
tive gap, which, as noted above, increases the peak gain by
about 40% compared with the free carrier model. This be- lco=p*Z1)+B|Z]), (8

havior arises because the redistribution of holes between the
valence bands favor the uppermost band, which is also revhere
sponsible for the TE mode gain. The process is similar to the

enhancement of optical gain by elastic strain. a=e3(mAt ¢ 5 p=gi(mlAt ¢l [
The results in Fig. @) show that as the carrier density
increases the effect of renormalization is for the energy of p=arctarik, /k,).

the gain peak initially to increase due to band filling, then to

decrease as the rate of band-gap narrowing dominates ovghese bands are doubly degenerate under the so-called “cu-
the effects of band filling. This behavior offers a means topjc approximation.??

test our calculations, but at the present time there is no data The pand-edge wave functions of electron in thike

available for GaN/AlGa, N QW structures. We may ex- conduction band can be described(&$| or (S| | including
pect similar behavior in other nitride-based systems, such age spin momentum. The dipole matrix elements in a QW
in In,Ga; _\N QW structures, and there are some experimenstrycture can be represented (@siting explicit results for

tal data publishetf which shows a similar trend to that only the spin-up orientationSi| here, for more details see

predicated here. o . Refs. 22 and 23 and pp. 192-199 in Ref):1Bor the TE
The increase in the calculated gain in Figh2arises mogde,

solely from the changes in carrier distribution between va-

lence bands as the results of different rates of band-gap — /e hy _ —i3¢/2 i p/2
renormalization. It does not include any effect due to the uretk @) = (Vilex Wi =[Im(k) e (k) €7
“Coulomb/excitonic enhancement” represented by the term X{ST|exX1)/2 9
g(k) in Eqg. (1), which describes the increase in polarization

of a paired electron and hole. While the overall effect ofand for the TM mode,

many-body interactions is, in principle, due to band-gap nar-

rowing and Coulomb enhancement, we argue in the next um={(¥led =1 ke *¥(St|edz1)/2. (10
section that the Coulomb enhancement is not significant for
the wurtzite materials being considered here. Inhs 11n» andl represent the envelope function overlap in-

tegrals for the quantum confined heavy holes, light holes,

and crystal-field split-off holes with the electrons in conduc-

tion band, respectively, with the wave functions calculated
In this section, we discuss the Coulomb enhancement d#y k- p theory using the basis function method.

the optical gain in GaN quantum well structures in detail, In a QW structure, the Coulomb enhancement factor in

considering the spin-orbit interaction and the angular deperkd. (2) can be explicitly written to include the angular de-

dence of dipole matrix element. According to the many-bodypendence:

theory, the Coulomb interaction produces an extra enhance-

Ill. OPTICAL GAIN IN QUANTUM WELL STRUCTURES

ment factor as in Eq2), and the optical gain is proportional —je? fop+fre—1

to 1[1—q(k)] in the Padeapproximation. The Coulomb q(k,q&)zz—f "K——
enhancement factor linearly depends on the dipole matrix 8w ehu(k,¢) Yieti(we — )
elementu,, not only the magnitude of absolute value but 2 (K, ¢")

also the relative phase angles of the wave functions of the X dop'———, (11
paired electron and hole. As described below, we have con- 0 9e(q,0

sidered the angular dependence for the heavy-liblg,
light-hole (Ih), and the crystal-field split-off holdcs) in whereq=|k—k’|=\/k2+ k'Z 2k k'cosf and 0= (¢— ).
wurtzite material, and we find that the enhancement is re- gy psiituting Eqs(9) and(10) into Eq.(11), we can obtain
duced compared with the results when only the absolutg e ennancement factor for the TE mode:

value of the matrix elemenj,| is used. The angular depen-

dence ofuy has often been ignored, and only the absolute ;

value of u has been used in the literatUré® We show that ek, &) — Inn(K) 1K, @)+ 1in(K) da(k, ¢)€'?? 12
this may overestimate the Coulomb enhancement, which has ' LK) + 1 (k) e'2¢ '

often predicted an increase in optical gdiit?2°?%of 50% or

more. We derive below an explicit expression for the Cou-where
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()=
B el (k)
f /+f /_1
xfdk'k'lhh(k')%
Vi Hi(w — )
XW(k, b,k —2) (13)
and
()=
A= g2l (k)
fop+foe—1
xfdk' k'l j(k') — D~
’yk/+|((1)k/_(1))
XW(k,p,k',3). (14
For the TM mode:
k,$)=0qs(k )= —————
drm(k, @) =az(k,¢) el (k)
f /+f /_l
><fo||<’|<'|cs(k')‘gk_$
Vi Hi(w — )
XW(k, b,k 1), (15)

Here, ¥ (k,¢,k’,—3/2) and¥(k,¢,k’,1/2) are represented
by

eim0/2

qe(q,0)

(K, K, mi2)= f_22¢da (16)
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a 2m%eh

ldk') foptfpe—1 [sin@?) 1
x| k' - f dXo—o—=
lCS(k) 'ykr+l(wk,—w) 0 XS(X,O)

(21)

X= (k=K )Z+ 4k K'x2.

We see that the real parts of the enhancement factor for
the spin up and spin down are of opposite sign. It therefore
appears as if there is an increase in optical gain for one spin
orientation(e.g., spin upand decrease for the other orienta-
tion, which should not be so because the spin-orbit interac-
tion does not split the double degeneracy. However, if we
consider any particular magnitude lafthe optical enhance-
ment should be integrated over all directiong) ( thus

2
are | dk(k-~->f0 {111 gru(k )]}

2
efdk(km)fo dep(1+ 0 +ig+ar—af+- ).

(22
We note that

2
. dg(q,)*""1=0 (23)
because of the symmetry feature@fin ¢; therefore only
the even terms ofj, contribute to the enhancement, and this
removes the difference between the spin-up and spin-down
orientations.

We can now obtain the first nonzero approximation for

To demonstrate our approach, for the sake of simplicitythe optical gain:
we here only discuss the TM mode. For the spin-up states

(ST], the Coulomb enhancement factor is

gdrm=9,t+iq, (17)

for the spin-down statelS| |, the dipole matrix element and
Coulomb enhancement factor are

pru(k,d)=1{ke '?(S|leZZ])/2, (18)
drm=—0a,tiq, (19
where
¢ Jdk’
qr_27728ﬁ
| k, f /+f —1 cos(¢/2) 1
Xk,cs() et * Tk f dy ,
ICS(k) 'yk,-l-l(wk,—w) 0 YS(Y,O)
(20)
Y=1(k+k')?>—4k k'y?,
and

27
gTfodn«k-.-) Cdg{U1-(aF-ad]} (24

since the first term ofj, mainly contributes to the imaginary
part of the complex optical gain, relating to the index
change, and the contributions from higher-order terms are
very small. The results are the same for the spin-up and
-down orientation, which is as expected since the spin-orbit
coupling does not split the double degeneracy. On the basis
of Eq. (24), the overall Coulomb enhancement can be ap-
proximately described as

g 1(1-?). (25)

The above result does not depend on any particular di-
electric function and it merely results from the consideration
of the angular dependence of the dipole matrix element. The
form obtained her¢Eq. (25)] contrasts with that which is
conventionally used®

g 1/(1—q). (26)

Using this form the Coulomb enhancement is overestimated
compared with the result obtained here by including the an-
gular dependence of the dipole matrix element. For example,
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when Eq.(26) gives an enhancement of 50%, our result with IV. SUMMARY

the angular dependence con3|derat|or1_ n a@ predmts We have examined the effects of many-body interactions
only about a 10% increase in the optical gain. It is more

. ) __~on the optical gain of the wurtzite QW structures in detalil,
complicated for the TE mode', however, t'he resqlts are SiMizng the spin-orbit interaction and the angular dependence of
lar. There were some theoretical calc_:ul_ati’dr”r%whwh 9ave  (dipole (or transition matrix elements have been considered

a 30-50 % increase in the optical gain in GaN QW structuresy; the first time to our knowledge. By including the angular
using the conventional model. We can only obtain an Opt'cahependence of the dipole matrix elements, we were able to
gain enhancement of a few percent when the angular depegptain an explicit expression for the Coulomb enhancement
dence is considered as above. Comparing the 40% increagewurtzite QW structures. The form which we have derived
by the band-gap renormalization shown in the previous seggives a smaller enhancement of the gain than the expressions
tion, we therefore conclude that the increase in optical gaikommonly used in the literature. We have also considered
due to redistribution of holes by renormalization is moreband-gap renormalization in these structures by a self-
important than the increase due to Coulomb/excitonic eneonsistent iterative approach and find that there is an increase
hancement of the dipoléor transition) matrix element per in the quasi-Fermi-level separation relative to the effective
e-h pair. Our treatment for the “Coulomb enhancement fac-band gap because the different rates of the renormalization
tor” can be extended to cubic phase semiconductors, includ€sult in redistribution of holes between the various valence
ing bulk materials. We also expect a similar treatment can b&ands. This strong renormalization process causes a redshift
adopted in the more advanced theory which is introduced b@f the gain peak with increasing carrier density and causes a
Chow and co-worker&-? They dealt with the carrier colli- significant increase in peak optical gain. When combined
sion effects at the level of quantum kinetic theory in theWith our analysis of the Coulomb enhancement process, our
semiconductor Bloch equations, but the Coulomb enhancé@/culation suggests that the dominant many-body effect on

ment was treated in conventional way as in E2f). It has the optical gain of these structures is carrier redistribution

also been suggested that the band-gap renormalization mig pe to renczrmahzatl(_)n rather ”W.‘ exmto_mc/Coqumb en-
ncement” of the dipoléor transition matrix element.

be reduced according to this theory. Supposing the band-g
renormalization is halved, we then obtain an optical gain
increase of about 20% at a carrier densityX11®*° cm 3.
The Coulomb enhancement factor is expected to follow the The authors are grateful for valuable discussions to Dr. G.
reduction of the renormalization as they are both controlleBerry, Dr. H. Summers of the Department of Physics and
by the quasi-Fermi-level separation; see E@sand(2). We  Astronomy in Cardiff, Dr. P. Rees in Bangor, and Dr. Y. Liu
can see that the increase in gain by the renormalization iand Professor C. T. Foxon in Nottingham. We also thank Dr.
still greater than the Coulomb enhancement according to th®like Godfrey in UMIST for his comments. G.B.R. is grate-
calculation presented here. ful to EPSRC for financial support.
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