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Photoluminescence spectra frgutype modulation-doped pbdGa sd\/GaN superlattices with 10-nm well
width show multiple, well resolved, interband transitions between quantum-confined states. In addition to the
ground-state transition, a number of excited-state transitions are observed. The observation of multiple peaks is
attributed to the inverse dependence of subband population and oscillator strength on energy. The relative
strength of the peaks strongly changes with excitation intensity. At low excitation intensity, the spectra display
only the ground-state transition. At higher excitation intensity, excited-state transitions become dominant. At
high excitation intensities, the dominant transition occurs at energies about 500 meV above the electron
ground-state to hole ground-state transition. Self-consistent calculations are used to assign transition energies,
lifetimes, and rates to each photoluminescence line. Theoretical and experimental transition energies are in
excellent agreement. We attribute the excellent optical properties to the modulated doping of the structure,
which consists of doped barriers and undoped well layers. Our calculations also show an average recombina-
tion lifetime of 50 ns at high excitation intensities, despite the large quantum-confined Stark effect. The
changes of the photoluminescence spectra can be explained via the effects of band filling and oscillator
strengths at higher excitation intensity.
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The role of spontaneous and piezoelectric fiEldin the  nescence peak energies are compared to the transition ener-
Al,Ga _,N material system continues to receive great inter-gies calculated from a self-consistent Poisson-Stihger
est due to the influence of these fields on both the ofiical one-dimensional1D) solver using the method of finite dif-
and electronit® properties of AlGa,_,N heterostructures. f_ere_nces. In addition, spontaneous recpmbination rates and
In particular, as lll-nitride optical devices approach the ultra-lifetimes are compared between experiment and theory by
violet (UV) range, the use of AGa_,N/GaN and Using the calculated energies and envelope functions. The
Al,Ga, ,N/Al,Ga,_,N quantum wellSQW's) is becoming theoretical and experimental results agree very well. The os-
a necessity. However, the recombination efficiency of thes&illtor strength and population distribution between sub-
QW'’s has been shown to be very inefficient for wider well angis h_ave opposite depe_ndenmes on energy. As the elec-
sizes due to the spatial separation of the electron and hoféon'c eigenstate energy Increases so does the overlap
wave function$:° This separation is due to the strong po- integral between the electronic eigenstate and the ground
o : ' ) . . hole eigenstate. However, the carrier population in the higher
larization fields present in AGa_,N QW’s. The lumines-
cence emitted from these QW's_Xis also s:tron v redshifte nergy el'e'ctronlc subbands decreases. As a result, 'spont'ane—
due to the quantum-confined Stark eff SH %y us transitions between sparsely populated electronic excited

, ; states and the ground hole state become observable at high
AlGa _yN/GaN p-type superlatticegSL's) are of great gy citation intensity due to the larger overlap integral between

interest  because of their enhanceg-type doping  higher-energy electron-hole pair states. These characteristics
properties:*** Specifically, modulation-doped SL's demon- are due to the large polarization fields present in the SL. The
strate low-temperature electrical properties superior to angolarization fields also destroy the symmetry of the QW’s
p-type ALGa _,N/GaN material reported to dateThe  and therefore remove all parity selection rules between tran-
modulation-doped SL investigated presently, which is thesitions.
same modulation-doped SL as in Ref. 6, has a resistivity of Figure 1 shows a schematic and the self-consistently cal-
0.0680 cm, a mobility of 36 criV's, and a free hole con- culated band diagram of the Ga-faced, A3, sJ\/GaN SL
centration of 2.5 10'® cm ™3, all measured at 90 K. Because sample under study. The SL samples were grown on a
of the effects of superlattice and piezoelectric doping, the-plane sapphire substrate by molecular beam epitaxy
free carrier concentration is nearly independent of temperaMBE). The SL's are doped with Mg at a level &fyy~1
ture. X 10 cm™2. One of the SL’s is uniformly doped and the
In this work we report the first experimental results onother is modulation doped. The modulation-doped SL has
multisubband photoluminescenad’L) spectra of p-type  only the barrier layers doped whereas the well layers are
modulation-doped Al,{Gagd\N/GaN SL's. We observe undoped. The uniformly doped sample displays one broad
clearly resolved multisubband luminescence peaks whoseL line that we attribute to electron subband to neutral ac-
relative intensity changes with excitation intensity. The lumi-ceptor transitions. The free holes in the modulation-doped SL
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Aly20Gag goN / GaN, 20 period superlattice, 1.0 um AIN Saoohi
100 A /100 A, dark-shaded regions are undoped buffer apphire
Alg 20Gag goN barriers Mg doped at 1019%m™3 GaN layer substrate
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FIG. 1. (a) Schematic of the Al,dGa sN/GaN superlattice used in this studip) Self-consistently calculated band diagram.

are measured at2.5x 101 cm™3 at low temperature. The We useez; = —0.49 C/nf, e33=0.73 C/nf,™ and assume a
modulation-doped SL has 20 periods with equal barrier and/egard relationship between the spontaneous polarization in
well widths of 100 A. The SL layers are below the critical GaN and AIN, P, o= (—0.029-0.058) C/n?, x being the
thickness and were grown pseudomorphically on a GaNnolar fraction of Al (O<sx=<1). We neglect any nonlinearity
buffer layer, resulting in biaxial tensile strain in the barrier in piezoelectric polarization due to the small deviation from
layers!® The 325-nm(3.815 eV} line of a He-Cd laser was linearity for AlGaN on relaxed GaN?

used for excitation and the PL was dispersed with a 0.75-m The SL band diagram is calculated by solving the
spectrometer in the Czerny-Turner configuration and a RaPoisson-Schrdinger system of equations self-consistently
leigh resolving power of~2000. The SL was cooled using using the method of finite differences. We use a simple phe-
the coldfinger of a liquid-nitrogen cryostat. The detectionnomenological model where we consider a twofold degener-
used standard lock-in techniques in conjunction with a GaAgite valence band consisting of heavy and light holes of the
photodetector. same isotropic effective mass. The eigenenergjesnd en-

SL structures use semiconductors with different band gapselope eigenfunctiong|(z) of the electron and hole sub-
and, in the case of the Ill-nitrides, large internal polarizationbands are calculated from the 1D effective-mass Sthger
fields!>!® A bound surface charge results whénn#0,  equation
whereP is the total polarization at the surface afnds the
surface normal unit vector. A bound interface charge results
WhenV~P?t 0,.wh§r('eP is the total internal_ polarizati_on. The S E+V|(z) ¢:(Z):8:¢:(Z)7 ()
total polarization is just the sum of the piezoelectric and the 2 dzmf(z) dz
spontaneous polarization, i.@3= Py, + Pg,. The quantityP,,

can be calculated usihg where we use an AGa,_,N heavy and light hole ma¥sof

m,=(1.76+1.7%)m, (my is the free-electron magselec-
Pipz= €ijk€jk @ tron mas¥ of m.= (0.228)n,, valence-band discontinufty
wheree;, are the piezoelectric constants, is the general of AOEh:(O-27)A Ey, and temzperature—dependent energy
strain tensor, and j, k=1, 2, 3 are the three principal axes. gap® of EQ(T'X):[E(O); aT/(f+T)], where E(0)
Due to the symmetry of the wurtzite structure Et).can be = 3-487 €V, a=12.85<10 " eV/K, and f=1235K. The
rewritten more conveniently from tensor to matrix form  Potential energy is given by

Pip=€ij€, ) V,(2)=AE,+q¢(2). (5)

wherei=1, 2, 3 andj=1, 2, 3, 4, 5, 6. Because the piezo-
electric tensor of wurtzite has only three nonvanishing indedn the above equations,labels the conduction or valence
pendent componentsgs, €3, ande;s, and we may safely band,i labels the subband withih and AE, are the band-

neglect shear straire, = e5= €5=0, we simply get edge discontinuities. The terg(z) on the right-hand side of
Eq. (5) is the electrostatic potential resulting from all charges
P, pr=€31(€xt €,) +€33€;. (3 in the system,
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effects. Capacitance-voltag€{V) measurements on our SL
samples have clearly shown multiple hole gases. Individual
peaks of theC-V profiles show a full width at half maximum
of only 30 A® Such narrow profiles indicate a high superlat-
d tice interfacial quality and planar growth over a large area.
] Additionally, the hole mobilities and resistivities of our
AlGaN/GaN heterostructures are 36 #hs and 0.068) cm
at 90 K¢ indicating excellent interfacial quality. This is con-
Roo] sistent with the results of other grodpé? who concluded
A $ 1 that the interfacial quality of their AlIGaN/GaN heterostruc-
\ ] tures was excellent based on PL data. We therefore attribute
7 the multiple peaks found in PL measurements to multisub-
Alp20Gag goN/GaN SL | ] band transitions. Disorder effects, although indisputably
100A/100A, T=774K] ] present, are believed to be secondary.

] Using the 1D band diagram we calculate the spontaneous
recombination rates taking place in the quantum well. We
begin with the general expression for direct transitions be-
Eween states in a Il-V semiconductot,
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FIG. 2. Self-consistently calculated band diagram showing th

conduction band, valence band, and eigenfunctions of the 1
effective-mass Schdinger equation.

Ruota= 2 Rij(hv)
? ALNh(2) ~Ne(2) + N5 (2) =Na (2)]+ ppo(2) E
Eqﬁ(z):— €€ ' o
®) =2 | 2ZwBy(h)f(hw)[1=fy(hn)]ped(hv),

Eij

whereq is the magnitude of the electronic chard¥; (z) is

the concentration of ionized donois, (z) is the concentra-

tion of ionized acceptorsy,o(2z) is the bound polarization where
charge which is present at each SL interface, and the relative
dielectric constant along, e,=10.4, is taken as constant
throughout the structure. The free-electron and free hole con-
centrations are given by Fermi-Dirac statistics,

®

Z(hw)~ 0 13?2 )
(he3H 1

2
e
. i Bii(hv)= ——|M;{|?, (10
N(2)=N2 [gi(2)[2In[1+er =0 ED] - (7) ’ 2mBequty !
I
) . . 5 M;; being the momentum matrix elemeM;; is given in the
whereeg is the Fermi energy, anl;=m kT/ah®. dipole approximationg "op"~1) for incident light whose

Figure 2 shows the self-consistently calculated band diagptical electric field is perpendicular to the SL growth &kis
gram as well as the eigenfunctions used for the quantunyy

confined transition data. We choose the first five electronic

eigen-states and the ground hole eigenstate for our transition ngij 1+A/E;
data. The transitions, labeled on the right side of the figure, |M;j|*~ 3m. 1+ 2A/3E. )
between these chosen eigenfunctions cover the energy range ¢ 4 (11)

of experimentally observed transitions with excellent agree-

ment. The figure also shows the band tilting due to the largé, is the probability that the higher energy state is occupied,
polarization field resulting primarily from the bound inter- f  is the probability that the lower energy state is occupied.
face charges. The internal electric field is slightly greaterThe reduced density of states is given by

than 0.6 MV/cm. This field causes the electron and hole

2

fl‘ﬁzf,J(Z)%i(Z)dz

-1

eigenfunctions to separate markedly along the growth direc- 1 1
tion (QCSB. It can also be seen in the figure that the higher Pred— (E”L E ' (12)
energy electron states have a greater overlap with the ground
hole staten, as compared to the lower energy electron stateswhere
This overlap dependence on energy will be quantified below.
It should be noted that our one-dimensional model is M (13
based on an ideal SL with perfectly abrupt interfaces. There Pe™ 2L,
are, however, many physical effects that induce disorder in
AlGaN/GaN multiple quantum well structures. These effects?"
include impurity disorder, well-thickness variations, lattice om
imperfections, compositional fluctuations, strain fluctuations, Py= . (14)
and the resulting piezoelectric field fluctuations, and other R
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rising into theith electronic subband. This agrees qualita-
tively with our PL data.

Figure 3b) displays the carrier subband concentrations as
a function of G. At small values ofG the total number of
holespyiar @pproaches the equilibrium value due to doping,
Peq=2.5% 10" cm™3. As G is increased the electronic sub-
bands begin to populate commensurate with their energies.

_ FIG. 3. Calculateda) s_pontaneous recombination rat(zis,_car-. At large values ofG Where puw® Peqs Nl APProaches
rier subband concentrations, arid spontaneous recombination q

lifetimes for ap-type modulation-doped pbdGa, sdN/GaN SL.

Spont. recomb,

T=-774K ] TABLE |. Theoretically calculated values using Ed8)—(15)

" Ll_ixpeﬂmemal rang§,| and envelope functions shown in Fig. 2.
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g g tron quasi-Fermi level approaches iltle electronic subband

© 3 energy from below. Once the electron quasi-Fermi level gets
S ~2KkT above theath electronic subband enerdy, begins to
2 level off. Thus the particular value @ at whichR;, begins
2 to level off corresponds to the electron quasi-Fermi level
g
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Electron-hole pair generation rate G (cm3 sec1)

Protal-
Figure 3c) clearly shows the decrease in the average
spontaneous recombination lifetime as the electron-hole pair

Equations(13) and (14) are the two-dimensional density of . o
> - . ) generation rate is increased. The average spontaneous recom-
states divided by, (L,=200 A is the period of the SLfor bination lifetime is given by

the conduction band and valence band, respectively. The fac-

tor of 2 in Eq.(14) accounts for the twofold degenerate va-
Zin; Notal _ Niotal

lence band we use in our model. G)= = = (15)
. Tavd SR
In Eq. (8) through Eq.(14), e, my, m,, m; are as given o n; i iRio
earlier, v is the frequency of the emitted photoa,is the 'Tio 'Tio

speed of light in vacuumy is the index of refraction of the _ _ _
semiconductorE;; is the transition energy between thia wheren; is the number of free electrons per unit volume in

electronic subband and tfjéh hole subbandg, ; and ¢ subbandi, 7o is the electron subband to ground hole sub-
are the envelope functions correspondingBg, and A band recombination lifetime, arfi@ is the electron subband
=0.040 eV is the crystal-field split-off energy. to ground hole subband recombination rate given by(Bx.

To obtain the envelope functions we self-consistentlyAs G is increaseds,ye decreases fromy,,.=4.9x 1072 sec
solve for the first 40 electronic and hole eigenstates in @tG=1x10" cm 3sec !, down to7,,=5.9x 10 sec at
seven QW structure. We then take the first five electronid3=1x10?" cm 3sec . Therefore as one increas& a
eigenstates and the ground hole eigenstate in the central Qwuch smaller average recombination lifetime can be recov-
We note that the first one or two QW’s near the surface of &red despite the influence of the QCSE. Nonradiative transi-
SL typically do not support bound states due to the combine#ions are neglected because of the low temperature.
effects of the polarization field and Fermi-level pinning. We  Further inspection of Fig.(8) shows a slight dependence
neglect this minor effect and assume all wells in the SL beof the 7o on G, 7g= 7o(G). This is due mainly to the de-
have identically. Once the envelope functions and eigenenependence ofr on the Fermi occupation functions and the
gies are calculated we can easily obtain both the overlagnergy
integrals and transition energies, allowing us to calculate the
spontaneous transition rate per unit volume between any [f(hv)d(hy)
electron subband to hole subband pRi,. 7=n/Rx J(hw)f(hv)(I—f,(hw))d(hp)’ (16)

Figure 3 shows calculated spontaneous recombination
rates, carrier subband concentrations, and spontaneous rehich follows from Eqs(8) and (15).
combination lifetimes of the Al Ga gd\/GaN SL covering To determine the quasi-Fermi levels, and tfiysandf,,
ten orders of magnitude in pump intensity. Figufe)3hows  we assume unity quantum absorption efficiency at the pump
the increase of the spontaneous recombination Rtgbe- laser energy, require charge neutrality, and equate the laser
tween theith electronic subband and the ground hole sub-generation rate to the sum of subband recombination rates,
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Wavelength A (nm) 7o
420 400 380 360 340 T= % ,
T 7. 45 (2)de(2)d2?

LA I L N L S L S——
Alo.zoGﬂo.sgN /GaN
SL, 100A /100 A

1.4x1073 I

(18)

where 7, corresponds to the minimum lifetime of a vertical
transition, we see that since tfmverlag? covers roughly six
orders of magnitude, so too do the spontaneous lifetimes of
the various transitions. The longest average electron subband
1.2x10-3 1 to hole ground state lifetimez;g 5, We calculate isrpg ayve
=9.3ms for the ground-state to ground-state transition.

However, even at the low electron-hole generation rate of
M ~7x10P*cm 3sec’!, the average spontaneous lifetime
' 0 Tave NAS a value ot=3 us. This is in excellent agreement
with typical values in the literatufé for a similar 100 A
Alg 1:Ga&) gdN/GaN QW structure. The shortest average elec-
40x10°2 I, tron subband to hole ground-state lifetime we calculate is
T40,ave= 9-1 NS. Using Eq(18), this translates into a lifetime

of ~628 ps for transitions whose overlap integral approaches

1.4x107 I,

Photoluminescence intensity /

I0=83%103 W/em2 Eg(GaN) uni_ty,_ as is Fhe case for a much t_hinr(efl5—_25 _/3) QW.
TR N A This is also in good agreeméfit! with typical lifetimes re-
29 30 31 32 33 34 35 36 37 ported in the literature.
Energy E (eV) Figure 4 shows low-temperature PL spectra of the

. modulation-doped Al,dGa, gN/GaN SL covering five or-
FIG. 4. PL spectra of ap-ype modulation-doped ders of magnitude in pump intensity. Five clearly resolved

Al dGa gd\/GaN superlattice at different pump intensities cover-
ing five orders of magnitude. Luminescence peaks are clearly reE)L peaks are observedie-3.11, 3.21, 3.30, 3.42, and 3.46

solved over a nearly 500-meV range due to the combined effects OqV. The ,flgur.e has a rIChl Strlucwre dlshplaylr?g four malnl fe?_
QCSE, band filling, and oscillator strengths. tures. First, it can be clearly seen that there are multiple,

well-resolved PL peaks which change in relative intensity as
the pump intensity(maximum pump intensity | ,»=lo
dn . P a R=S R (1 =8.3x10° W/cn®) is changed. Second, not only are transi-
dat ~ — hpump w[r?lcog6)] & ¥ i (D tions well above the ground-state to ground-state transition
seen, but remarkably, the high-energy transitions actually
dominate the spectrum at high pump intensities. Third, the
whereP is the pump laser powein'wpumpis the energy of the higher energy PL peaks increase in _intens_ity_re_lative to the
pump laser lineg is the absorption coefficient for the SLy 2  lower energy PL peaks as the pump intensity is increased, in
is the minor axis of the laser excitation spot on the samplé&xcellent agreement with the theory described earlier. Last,
surface, and is the angle between the laser beam and théhere is very little blueshifting of individual PL peaks as the

sample normal. We measureP=37mW, hwp,, PYMP intensity is increased. o
—3.815eV. 0=45° and usexr=1.2X 10° cm .25 We use We attribute the PL peaks to the sum of the individual

neutral density filters and varyto achieve the desired inten- Lorentzian broadened transitions between quantum-confined
. . o RS .__subband states in the conduction and valence band. The lack
sity by defocussing the excitation spot, which is diffraction

limited to r~10 zm. We calculate our laser intensityto of app_reciable blueshifting of individual PL peaks.is consis-

: tent with a lack of screening. The lack of screening can be
rangfsl from  15=8.3% 1°W/en? 10 1min=12  auributed to the fact that as the laser pump intensity is in-
x10 Wicm?. This correspc;nds_tg an_lelectron-hole 9€N-creased over our experimentally available range covering
eration rate of Gpa=1x10*" cm *sec® and Gnin~1 five orders of magnitude, the calculated average spontaneous
X107 cm~®sec . lifetime decreases by roughly four orders of magnitude. Thus

To further quantify our theoretical data, we calculate thethe steady-state number of electron-hole pairs per unit vol-
transition energies, the average spontaneous recombinatigine increases by only about one order of magnitude over
lifetimes, and the overlap inegrals squared, as shown in Tableur entire experimental pump intensity range. Therefore the
I. The data clearly shows the interplay of the overlap integrabmount of charge available to screen the internal polarization
with the quantum-confined state population. Although thefield begins to saturate at high pump intensities. This is due
low-energy states are more populated than the high-energp two reasons. First, as the laser pump intensity is increased
states, their small overlap integral prevents their luminesthe average spontaneous lifetime decreases, tending to limit
cence from dominating the PL spectrum. High-energy peakghe number of electron-hole pairs generated. Second, as
are therefore visible at high pump intensities despite theihigher energy electron-hole pair states become populated
lower carrier occupation. their overlap integrals approach unity and they can no longer

Because one may write in genéfal screen the internal polarization fields effectively. Both the
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relatively small magnitude and the saturation of the blueshift Wavelength A (nm)
has recently been reported in the literature for a similar QW '42|0, , ,4?0, , ,3§0| . |36|0 _ 3‘}0
structure?”

Al 20Gag goN / GaN SL, 100 A / 100 A,
| T="77.4K, pump intensity / =83 W/ cm?,

arrows denote theoretical quantum-confined
r transition energies.

The expected strength of the GaN buffer layer peak is
weak due to the much larger SL thickné8s4 um) as com-
pared to the SL absorption length (*=0.083m, assum-
ing a=1.2x10° cm™1).2° We disregard any electron sub-
band to neutral acceptor transition in the modulation-doped
structure because the overlap integral of a relevant quantum-
well electron envelope function with a neutral acceptor wave
function is much less than the electron ground-state to hole
ground-state transition.

Time-resolved measurements on these samples could pro-
vide additional experimental evidence of the different radia-
tive lifetimes associated with the quantized optical transi-
tions. Time-resolved measurements may also shed light on
any nonradiative processes. Time-resolved measurements on
AlGaN/GaN structures have been reported by several
groups?'?2 These reports show that narrow AlGaN/GaN
guantum wells have shorter spontaneous radiative lifetimes -
than wider quantum wells due to the larger spatial overlap of
the electron and hole wave functions in the narrow quantum
wells. 29 3.0 31 32 33 34 35 36 37

It was recently shown that LO-phonon replicas can give Energy £ (V)
rise to multiple peaks in the emission spectra in  giG 5. Selected PL spectrum showing theoretical transition en-
AlGaN/GaN?® However, one would expect that individual ergies using theory described above. The spectrum shows clearly
emission lines would be separated by the GaN LO-phonokesolved subband transitions in excellent agreement with calculated
energy which is approximately 90 mé¥%*°In our experi-  transition energies given in Table .
ments, the various PL peak-energy splittings are not 90 meV
or integral multiples of 90 meV. Furthermore, the PL inten-  |n conclusion, we have experimentally and theoretically
sity vs energy dependence, i.e., the shape of the spectra, séfestigated the photoluminescence  properties  of
in our PL spectra is different from what one would expectA|, ,{Ga, s]N/GaN SLs. The PL spectra clearly show mul-
from LO-phonon replicas. Replica lines become weaker withiple, well resolved, interband transitions between quantum-
the order of the replica. We therefore do not attribute thezonfined states. We solve the Poisson-Sdimger system of
multiline luminescence to LO phonon replicas. equations self-consistently to obtain the eigenfunctions,

To quantify the magnitude of the screening charge wesigenenergies, and 1D band diagram in the SL. We then use
compare the maximum magnitude of the optically generateghis data to calculate the lifetimes, transition energies, over-
areal charger, to the bound interface charge, due to the |ap integrals squared, and the spontaneous recombination
change in total polarization across a heterointerfacerates per unit volume for each transition between quantum-
Using the full width at half maximum(FWHM) of the confined states. Theoretically calculated transition energies
ground-state  hole wave function squared yieldshetween quantum-confined states agree very well with our
Topt= €] Tavd Gmax) - Crmax: | Bo.0l Bwim = 1.4x 10~ C/m 2, experimental data. Theoretically calculated spontaneous re-
while o,~1.9xX 102 C/m™ 2 for our Al ,Ga g\/GaN SL.  combination rates indicate that the higher energy PL peaks
Therefore sincer,> o,,, We may reasonably use the sameshould increase in intensity relative to the lower energy PL
band diagram and eigensystem for calculations at all pumpeaks as the pump intensity is increased, also in excellent
intensities used in this study. agreement with our experimental data. We demonstrate that

In order to verify the assignment of luminescence peaksiew, high-energy, transitions become observable at high
to transitions between the quantum-confined subband statgsimp intensities because of the increased oscillator strength
we show in Fig. 5 the calculated transition energies relativeof the high-energy transitions. Therefore, despite the higher
to one of the PL spectra. The calculated transition energiesnergy quantum-confined states being sparsely populated
range from 3.082 eVey,—hg) to 3.524 eV g,—hy) and compared to the lower energy states, their larger oscillator
clearly fall in the same energy range as the PL lines. Thetrengths allow the higher energy transitions to dominate
onset of the PL begins precisely where our calculatecdbver the lower energy transitions at high pump intensities.
ground-state to ground-state transition begins. It is strikingOur simulations also show that at high pump intensities an
not only that luminescence occurs well above the Q@SE average spontaneous recombination lifetime in the 50 ns
—h, prediction of 3.082 eV, but that the total energy spreadange can be attained even for SL's with large well and bar-
is nearly 500 meV. rier widths less than=100 A.

joue]
=

L.

[

Photoluminescence intensity / (arb. units)
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