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Fundamentd dectronic modulations in draned wurtzite Ill-nitride, in paticular InGayxN,
guantum wels (QWs) were tregted to explore the reason why practicd InGalN devices emit bright
luminescences in pite of the large threading didocation (TD) dendty. The emisson mechanisms were
shown to vary depending on the well thickness L and InN molar fraction x. The eectric fidd across the QW
plane, F, which is a sum of the fields due to gpontaneous and piezodectric polarization and the pn junction
fidd, causes the redshift of the ground state resonance energy through the quantum confined Stark effect
(QCSE). The absorption spectrum is modulated by QCSE, quantum-confined Franz-Kedysh effect
(QCFK), and Franz-Kedysh (FK) effect from the barrires when, for the first gpproximation, potentia drop
across the wdl (FCL) exceeds the valence band discontinuity, CE,. Under large FCL, holes are confined in
the triangular potentid well formed a one sde of the wdl. This produces apparent Stokes-like shift in
addition to the in-plane net Stokes shift on the aasorption spectrum. The QCFK and FK further modulate the
electronic ructure of thewdlswith L greater than the three dimensiond (3D) free exciton (FE) Bohr radius,
as. When FL exceeds [Ec, both dectron (€) and hole (h) confined levels drop into the triangular potentia
wells a oppogite Sdes of the wels, which reduces the wavefunction overlgp. Doping of S in the barriers
partidly screensthe F resulting in a smdler Stokes-like shift, shorter recombination decay time, and higher
emisson efficiency. Findly, the use of InGaN was found to overcome the fidd-induced oscillator strength
lowering due to the spontaneous and piezodectric polarization. Effective in-plane locdization of the QW
excitons (confined excitons, or quantized excitons) in quantum disk (Q-disk) sze potentid minima, which
are produced by nonrandom dloy potentid fluctuation enhanced by the large bowing parameter and F,
produces confined e-h pars whose wavefunctions are dill overlgoped when L<g. Their Coulomb
interaction ismore pronounced for FCL<CE,,.

Introduction

Major developments of I11-nitride semiconductors-2 have led to the commercia production® of blue
and green single quantum well (SQW) light-emitting-diodes (LEDs) and to the demondtration of multiple
quantum well (MQW) purplish-blue laser diodes (LDs).x™ The growth of nearly TD-free GalN has been
redized by the lateral epitaxial overgrowth (LEO) technique™ ™ and the device lifetime of the cw MQW
LDs has been extended up to 10,000 hours using low TD density GaN on sapphire and pure GalN
substrates”™ prepared by LEO technique. InGalN dloys are atracting specid interest because they are
adopted as active regions of ultra-violet (UV)," blue green,* and amber™® SQW LEDs and dl MQW LDs"
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19 and they emit bright luminescences despite of the large TD density up to 10°° em® % The emission
mechanigmsin InGalN aloys are not yet fully understood due to complex materid physics and engineering,
such aslarge and anisotropic effective masses  polarization due to the wurtzite crystdl lattice”+% and phase
separating nature™?* dueto large lattice, thermal, and chemical mismatches.

Severd groups have assgned the spontaneous emisson from InGaN QW s to the recombination of
excitons localized a certain potentid minima %’ On the other hand, severa groups have discussed the
importance of the quantum confined Stark effect (QCSE)? due to the piezodectric field (Fe) in Strained
wurtzite InGalN QWs>®?3! |n particular, the blueshift of the electroluminescence (EL) pesk in InGalN
SQW LEDs" with increasing drive current has been explained™* by the combined effects of a reduction of
QCSE due to Coulomb screening of F>® and bandHfilling of the energy tail states™ Moreover,
characteristic opticd gain mechanisms were reported for InGaN LD wafers™®23* dthough gain spectra
which can be explained by the well-known e-h plasma (EHP)® lasing model were reported * In order to
obtain an indght into what dominates the emission properties of InGalN QWs for further optimization of
blue LDs, it is necessary to invedtigate the effects of effective bandgap inhomogenety and dectric fidd in
the QW separately and congdently.

In this article, severa important physics which affect the emisson properties of InGaN QWs are
discussed. Firg, the influence of F was reexamined on AlGaN/GaN and GalN/InGalN strained QWs to
conclude that there exigts polarization-induced and junction high dectric fields across the drained QWs.
Presence of QW excitonsis shown for the welswith L<ag even under high F. Next the presence of effective
bandgap inhomogeneity, which produces certain quantum disk-size locaized potentiad minimain InGalN, in
practical LEDs is shown. Findly the origin of the QW exciton locaization was investigated by comparing
optica properties of INGaN QWs grown on didocated GalN-base on sapphire and nearly TD-free GalN
overgrown laterdly on the SO, mask.

Framework

Opticd properties peculiar to wurtzite InGaN and 11-nitride materids in comparison to familiar 111-V
semiconductors such as GaAs or InP known to date are summarized asfollows:

(i) Nitrides have an excitonic character in their opticd properties. Indeed, dominant resonance dructures
dueto A and B FEs were found in both absorption and photoreflectance spectra of 3D GaN layers, and FE
emission has been found even a RT,®* since the exciton binding energy, Ey,, isaslargeas 26 meV and as is
as sndl as 34 nMm@®*® |t is d=0 known that E, is increased in QWs™ due to confinement of
wavefunctions.

(i) The wurtzite structure has the highest symmetry compatible with the existence of
spontaneous polarization. Moreover, strain-induced piezoelectric tensor of wurtzite has three
nonvanishing independent components. In the absence of the external fields, the total
macroscopic polarization, P, is the sum of the spontaneous polarization in the equilibrium
structure, Po, and of the strain induced piezoelectric polarization, Pp;.

(iii) InGaN dloys have animmisible gap®* and they usually show broad luminescence band.*
Infollowing argumentsfollow theseinformeation.

Polarization in wurtzite lattice

Since Il1-nitride epilayers grown on sapphire (0001) or SIC (0001), substrates are aong
the c-axis, we shall consider only the polarization along the c-axis, P,=P, ;+P., . Bernardini et al.”
calculated P, in AIN, GaN, and InN as -0.081, -0.029, and -0.032 C/m", respectively. P, , induces
the electric field according to F,=-P, /[][], and is estimated to be 3.4 MV/cm for GaN, which is
nearly 50 times the ionization field, F, of FEsin 3D GaN (7.60010" V/cm).* From the fact that FE
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emissions can be observed from 3D GaN even at RT,” F,, should be smaller than F.. This may be
due to internal screening of the polarization since the layer is usually too thick and any kinds of
internal charges contribute to screening. An expression for P,,, under the biaxial strain (a-
ayla=00,=00,=-(C,/2C,)0, isgiven by P,, =2(e,-e,,C,/C ), where ais the lattice constant, a,
is that of strain-free material, C, are the elastic stiffness constants, and e, are the piezoelectric
constants. Bernardini et al.” reported the following values in units of C/m®: e,,=1.46 and e, =-0.60
for AIN; e,,=0.73 and e, =-0.49 for GaN; e,,=0.97 and e,,=-0.57 for InN. For in-plane compressive
strains usually found in InGaN, the direction of F,, is from Ga face to N face (surface to
substrate) according to Hellman® if we consider the Ga surface growth (+C). The direction of F,,,
is opposite to F,, and the pn junction field F. This means that total electric field F exists in the
QW regions of practical devicesis asum of polarization-induced fields and the pn junction field,
F.=F,.tF,-F. .. Details of this will be discussed elsewhere, and we simply consider the effect of
F on the band structures of strained QWsin thisarticle.

Schematic band diagrams of InGaN QWs under an dectricfidd

From the framework (i) and (i), physica scenarios of the optica trangtions in InGaN QWs are
drawn as follows. Since the critica thickness of InGay.xN (0<x<0.15) is reported to be greater than 40
nm,>® coherent growth of InGalN is assumed. This strain causes Fe, but excitons should aso be significant.
Therefore the problem trested here is the behavior of confined energy levelsin QWs under F, as discussed
for GaASAIGaAs QWsiin the 1980's %% |n QWs, FE absorption is observed even a RT under high F
across the QW?* due to quantum confinement of the wavefunctions which enhances the Coulomb
interaction between the e-h pair to incresse E,* Miller et al.? have observed an excitonic absorption in
GaAs QWSs, which was redshifted by 2.5 times the zero-fidd E, for F=10° V/cm (50 times the F; of 3D
excitons). They have explained the redshift in terms of fidld modulation of quantized energy levels
(QCSE).® We estimate™ E, in Gal / Alg1GapgN QWs under F=0 as a function of L according to Bastard et
al * introducing finite barrier height. The obtained E, vaue for L=3 nm is 47 meV and F; is estimated to be
600 10° V/ecm teking into account the

L<% 8 <L <<3D shrinkage of e-h distance in z-diirection down to
— cASE | |— CASE I 0.78 nm. B, is37 meV for L=6 nm.

%F CASEL M =T Teking the smal fraction (1/4) of [Ey
oF | il againgt the conduction band discontinuity [Ec
v Qgceggton wezk confine) into account,”” schematic band diagrams of
x e \I/A#\QCSE*QCFK InGaN / GaN QWs are drawvn in Fig. 1 for

T o severd cass i.e redrictions anong FxL, CEy,
zero Stokes shift Sto"es’"kefcgtﬂcaHFK) and as. Since the retriction FXL>[E, bregks
CASE | CASE IV before bresking FXL>[E¢ with increesing F or
T == L, redrictions beween FxL ad [E, ad
W S@PQW exciton e-h tunneling between L and as (quantum size effect) only are
R (vertical hole (Sigﬁﬁ% dravn in Fig.l. Note that in-plane (laterd)

= ggg;a(ggg}( ﬁ‘ QCSE+QCFK bandgap inhomogeneity isomitted.
- ﬁ N In CASE |, both dectron and hdle
Stokes-like shift wavefunctions are confined in thewell and have

Stokes-like shift (vertical) (vertical+FK)

unique quantized energy levels where zero

Fig.1 Schemetic band diagrams of GaN/inGaN QWs under the  1OKESTike  Shift is expected - though  the
dectric fidd F. Each case represents the restrictions determined  €Sonance energy dightly shifts to lower energy
anongF, L, [Ey, ad &. due to QCSE. In CASE I, a least the hole

wavefunction drops into the triangular shape
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potentid well a one sde of the wdl, ad [ GaninGaN (low exciaion) |} |

continuum dates are formed a the rest of the 300K |
potentia dope ingde the QW region. In addition L= L PLE

the penetration of the barier coninum 2 o, M/ 12
wavefunction cennot be neglected. Therefore 3 2
verticad component Stokeslike shift is produced. & 50nm 33
For the extreme situation of CASE Il (pronounced &' | 36nm ’g
CASE Il), both the eh wavefunctions drop into £ P £
the triangular potentid wells formed & opposite & a
ddes of the wel reslting in z-directiona | e "

separation. In CASE 111 and 1V, the @bsorption tail 24 26 28 30 32 34
would be modulated due primarily to QCSE® and Photon Energy (V)

QCFK.*® Fig.2 Low excitation PL and PLE spectraa RT of Iny;:GangN /

Ga\:S MQWs for different well thickness, L. The apparent
bandgap is defined asthe energy wherethe PLE Sgnd intensity

Opticd properties asafunction of QW thickness cropsto half the maxdmum.

Low excitation PLE and PL spectraat RT
of Ing1GapgN/GaN MQWSs with various L are shown in Fig. 2. The PL pectra exhibited a broad
luminescence pesk due to InGaN QWSs, whose full width a haf maximum (FWHM) was nearly 120 meV.
The PL pesk showed a redshift by 360 meV with increesing L from 1.2 to 6.2 nm, and the intengty
decreased for L>3.6 nm (L>ag). The PLE spectra exhibited broadened absorption tail except for the L=1.2
nm case. The broadening was pronounced for wellswith L>as. These results agree with the scenario that the
QW configuration changes from CASE |, 1l, to IV due to increasing L assuming congtant X and Fz. The
aoparent bandgap energy determined as the energy where the PLE dgnd intengty drops to hdf the
maximum, PL pesk energies, and Stokeslike shifts are plotted as afunction of L in Fg. 3. As expected, the
agoparent Stokes-like shift increased from nearly 50 meV to 220 meV. Sincein CASE |, zero Stokes-shift is
expected if the well had a homogeneous bandgap energy, the observed Stokes shift for CASE | (L<ag)
directly shows the presence of in-plane net Stokes shift due to locaized energy sates in the QW. Similar
results were obtained & 4 K where the Stokes-shift
was nealy 100 meV (L<25 nm). The obsarved @ — 10

blueshift of the high excitetion PL pesk indictes 32} O\ iqusocse o
presence of high F acrossthewdls. _ i

In order to estimate F, confined energy levels al absgrl_pé"’” 08
and wavefunctions in Ing:GaypgdN QWs are caculated ' ‘/( ) <
asfunctions of F, L, and nin the barrier by variationdl PLpesk 1o =
method neglecing B, within the Hatree < 30f . (highex) =
approximation by solving the Schrédinger equation e 2
and Poison equation smultaneoudy and sif- 8,01 P F- 104 g
consstently. We did not fit the data but Smply 5 ' 350kV/em k=
calculated and compared the relation between the low QCSE+QCFK\ , i
excitation PL pesk energy and L (L<3.6 nm) in Fig. 3. 281 o _ 0.2
As a result, the zero-field bandgap of the 3D InGaN I o " Sokesiike
well is obtained to be 2.92 eV and [Ec and [E, ae % 4 AU P i EPA RPN S R HP S B o g

0 1 2 3 4 5 6 7 8 9 10

estimated to be about 400 and 100 meV, respectively. Well Thickness L (nm)

F is estimated to be nearly 3.5110° V//cm which gives F03 Hich arel | N . -
Stark shift of nearly 45 eV in the 3nm-thick QU o0 0 o o L B e e

Examples of the caculated quantized energy levels  gokeslike shift of Iny,GayN wellsa RT asafunction of L.
and eh wavefunctions for InGaN under F=400
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kVicm ae shown in Fg. 4. Unde 600 ‘ :
F=35010° V/cm, F[L excesds [E, for LeLem
L>3.4 nm. The hole confined level would w1 ]
dready be formed in the triangular

potentid (CASE II) between 25 and 3.6
nm. Beyond this, the sysem belongs to
CASE IV where the e-h are confined in
opposite Sdes of thewell, asshown in Fig.
4. This may explan the extremdy long I I ——
decay time O in terms of reduction of the ol 1l | |
oscillator drength for large L & low | ’ CASE| | cAsEw
temperature where nonradiative 0 s 0 510 5 0 5 10

A . | Z (nm) Z (nm)
recombination is suppr . At 4K, U Fig.4 Quantized energy levels and wavefunctions of e-h pair in

wes nearly 35 ns for L:5nm_(>a3)- ThiS |1, GaysN SOW under the condition of F=400KV/cm.
may cause serious degraddion of the

emisson intensty. Rdaivey shorter [

(0.97-4 ng) for L<25 nm a 4 K indicates thet the overlap of the e-h wavefunction is il large because L is
smaller than as. Note that the estimated F; (6.0(110° V/om) is larger than F (3.5(110° V/cm), which implies
that Coulomb interaction between the e-h pair ill remains. Thiskind of particles can be regarded as QW
excitons.

600

L=6.2nm

N}
8

Energy (meV)
Energy (meV)

o
T

Optica propertiesasafunction of InNN molar fraction x

Next sample series have a 3-nm-thick InGalN SQW with various x, which correspond to CASE L 1,
and pronounced CASE 1l. Note that change in x changes in [E¢, [Ey, and Fsz Smultaneoudy. The PLE
Spectra broadened and the PL peak energy showed pronounced redshift with increesing X, as shown in Fg.
5. The QW (x=0.03) exhibited a sharp onset of the PLE spectraat 3.3 €V, asisthe case with L=1.2 nmin
Fig. 2. If we assume a linear relation between Frz and X, Fez is estimated to be nearly 1.1710° V/em. The
PLE spectrawere teken a 10 K, and the sampleis consdered to belong to CASE |, asshown in Fg. 6. The
gopearance of the Stokes shift in the CASE | sample again indicates the presence of locdized energy dates.
With increaang x, firg the hole confined leve drops into the triangular potentid, as shown in Fig. 6 (400
kV/cm), and that of dectron will dso drop into the triangular potential at opposite Sde for higher x
(pronounced CASE 11). This scenario explain the broadness of the PLE spectra with increesng X. In

600 T T T 600
In N SQW ]
et GaN barrier F=100 kV/cm F=400 kV/cm
& L | 400 400
£ x=022 |
St (greenLED) = =
& . 3 3
>r x=0.15 £ 200f E 2000
'g (blueLED) 4 § §
g x=010 ] i g i
(purple LED) | or N b OF
] [ F—
x=0.03 S
n 1 n n — 1 L n n n n 1 =1
25 30 35 4.0 200k | 200k |
Photon Energy (eV) ‘ , CASE| ‘ ‘ CASE Il
. . -10 -5 0 5 10 -10 -5 0 5 10
Fig.5 Low excitetion PL and PLE spectra a 10 K Z (m) 7 (m)

of 3nmHhick InGay,N / GaN:S SQW structures Fig.6 Quantized energy levels and wavefunctions of e-h
with different InN molar fraction, x. The x velues pair in 3-nm-thick InGaN SQW under the condition of
areestimated assuming conerent growth. F=100kV//cm (x=0.03) and 400kV/cm (x=0.1).
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addition, the spatid separdion of the e-h pair norma to the
QW plane may reduce the wavefunction overlap and increase
the emisson decay time with increesing x. However, as shown
in Fg.6, the overlap of e-h wavefunctionisill large.

Both the Stokes-like shift and the decay time had a
critica X of nearly 0.1 as shown in Fig. 7. This composition
is consdered to correspond to the point that the band diagram
changes from CASE | to CASE 1l or pronounced CASE I
where the absorption due to continuum Sates from barriers
becomes remarkable. On the other hand, the degree of
effective bandgagp inhomogendty suddenly increeses by
dloying In then increese monotonicaly with increesing X,
judging from the values of PL FWHM, asshownin Fg. 7.

Coulomb screening effects by S-doping of GalN barriers

One of the effective methods to screen polarization-
induced F is by doping the wells or barriers. If the injected or

F=0kV/cm F=500 kV/cm F=500 kV/cm
+N =4x10'Tm™?
e-h pair

8

DE=35.5 meV

g

3

Energy (meV)
&

\¥ ] /\
7\ s
7N

\

=)

|| |

pronounced

casel] b CASEIl CASEII

-10 -5 0 5 10-10 -5 0 5 10-10 -5 0 5 10
Z (nm) Z (nm) Z (nm)

Fig.8 Quantized energy levels and wavefunctions of e-h pair in
3-nm-thick InGaN SQW under the condition of F=0kV/cm,
F=500kV/cm, and F=500kV/cm and N, pair =40010%cm ™,

-1000

-2

different S-doping concentrations in the GalN barriers
were examined. Fg in the undoped MQW is estimated
to be 5-6[110° V/cm. The PL peek shifted to higher
energy and the absorption tal in the PLE spectrum
decressed by doping Si up to 10° ecm® as shown in
Fg. 9. The goparent resonance energy shifted to higher
energy by 50 meV, which nearly agrees with Fg.8, and
the gpparent Stokes-like shift decreased from 220 meV
to 120 meV. At the same time, the emission decay time
[ decreased from 14 ns to 850 ps with increesing S-

Intensity (arb. units)

S
E 1500 pLpwHM *
. 7 .
s 100|
% 500 o
T a0 ; ; 20
~~ ~—~~
é 115 5@
4001 c

= Stokes-like shift Py
e
= 10 E
n =
= 200} . ?
8 J 15 0O
S . Decay time
|

./

0 ' ' 0

0.0 0.1 02 03

X ininGa,_,N
Fig.7 PL FWHM, apparent Stokesike shift,
and TR-PL decay time of 3-nm+thick In,Ga,,N
QWsasafunction of x.

doped charge dendty is enough to screen
Fez, the pronounced CASE Il QWs may
recover wavefunction overlgp.”® Quantized
energy levels and wavefunctions of a3-nm-
thick Ing13Gaps/N SQWs for F=0, F=500
kV/cm, and F=500 kV/cm with injected e-
h pair density of 4110 cm are shown in
Fig. 8. Asshown, the wavefunction overlap
and the trangtion energy between the
energy levels were recovered by the S-
doping. To confirm this experimentaly, 3-
nm-thick 1ng13Gapg/N / GaN MQWs with

InGaN / GaN:Si MQW

Si doping level PLE
undoped —= 1x10%cm

300K

2.6 2.8 3.0 3.2 34 3.6
Photon Energy (eV)

doping. These results indicate that Fp; was effectivdly  Fig.9 Low-exditation PL and PLE spectra a 300 K of
screened, and the overlgp of the e-h wavefunction was  IMossGapsNIGaN MQWs - for - different  S-doping

recovered. Note that screening of F7 reduces the dope
of the conduction and vaence bands within the QW to
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result in sharp onset of the absorption tail. Thisreducesthe "verticad™ component of the gpparent Stokes-like
shift. Of course, increased eectron dendity due to the modulation doping may improve the radiaive
recombination rate, and the dectrons will fill the energy tall daes at the same time. The sample with the
highest doping level showed the shortest (=850 ps and the brightest emission. Thisvaue seemsto be dose
to theintringc radiative recombination lifetime. The longer Clusudly observed in the practical LEDswill be
discussed later.

Why InGalN emits efficient luminescences/ In-plane locdlization of QW excitons

Blue and green InGaN SQW LEDs show blueshift of the EL pesk energy with increasing driving
current.** This has been explained by combined effects of Coulomb screening of Fz and band filling of
the locdized energy states by QW excitons® Redlly recently, Mukai et al.* reported that current and
temperature dependences of the EL peek energy of 5.5-nm-thick InyGayxN SQW LEDs change dradticdly at
acritica emisson pesk wavelength of 375 nm. When x isvery smal, LEDs do not show any blueshifts but
show temperature dependence. Conversaly, when x is larger than corresponding emisson pesk of 375 nm,
the LEDs show nearly temperature-independent but current dengty-dependent EL peek energy. Moreover,
the output power of UV LEDs increase with increasng wavelength in UV region longer than 370nm where
the sdf-absorption due to GalN base layer is dready negligible. These results indicate that the emission
mechanisms change with x, and those of GaN QW and InGalN QW aretotdly different.

Another supporting evidence of the importance of exciton locdization in InGaN is shown in Fig.
10. Fgure 10 showsthe optical transmittance at 10 K and RT and high excitation PL spectra at RT
of a 5-nm-thick GaN / Alp15GapgsN double-hetero (DH) structure grown on thick Alp3Gag7N
base layer and those of 5.5-nm-thick Alg.15GapgsN / INnGaN / Alg1GaggN DH structure (SQW UV-
LED)* grown on thick GaN base. Since the former sample was grown on thick Alg3Gag7N to
observe QW absorption spectrum, both GaN/AlGaN/AlGaN and InGaN/AlGaN/GaN QWs suffer
from compressive biaxial strain. Then the Fp; is opposite to the pn junction field. Against Fpz, the
GaN/AlGaN SQW exhibits an excitonic absorption peak up to RT, as predicted form the increase
of B, in QWSs.2>246:°0 Therefore InGalN SQW would aso show the excitonic character. Sincethe PL peek
enargy of InGaN/AIGaN SQW is higher than that of GalN/AIGaN SQW, the QW resonance energy of
Gal/AlGaN should be smdler then

that of InGalN/AlGaN sructure, which Ga:ﬁ:ff;@;ﬁﬁ;j:g oGt bese Al 15GagesN/INGaN/AI , G/ thick GaN base
mm tha QCSE due tO FPZ GaN SQW 5 nm ‘ InGaN SQW 5.5 nm (UV SQW LED)
dominates the optica trangtionsin the Lok
binary GaN wells. Accordingly, the PL 2
intengty of GaN/AIGaN SQW wasfar | o4 =
lower then that of InGaN/AIGaN, & Quecton s
dthough the sdlf-absorption due to the é 06 0Kk 12
GaN bae is remakddle for the = %
particular UV-LED structure. Note that 04r 300K ( =
the PL pesk energy agrees with the
excitonic absorption pesk a RT and o2 T Ptecd
exctons ae ddocdized for the PL (YAG)
Gal\/AIGaN SQW, which is different P Phs‘.s 34 35 32 Phé.ts ] 34 e

- oton  Ener (S
from the resuits obtained from InGalN Fig. 10 Optical ?rc:n;;elrﬁyar(lec\g and high excitation PLg{sp(ect)ra at 10 K
QWs and RT of a 5-nm-thick GaN / Aly15GagesN DH structure grown on

Typicd wide-area and pOt-  thick AlgsGaysN base layer and those of 5.5-nm-thick InGaN /
exditation CL spectraa 10 K of a3~ AlosGaeN DH structure (SQW UV-LED)* grown on thick GaN

nmrthich 1no1GaggN SQW are shown  Pase
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in Fg. 11. Although the effect of
the multiple interference fringes
on the CL gpectra is not
negligible, wide area (10 Cim(110
0m) broad CL band (FWHM
nealy 100 meV) condgs of
many sharp pegks (FWHM less
than 20 meV)™ a 10 K. This
clearly shows that the broad CL
band condgs of shaper
emisson pesks having various
pek energies. Therefore, there
exis severd dructures
composed of an InN-rich part
Fig.11 Wide-area (10 [hn[110 [Im) scanning and spot excitation CL spectraof 3-nm- gurrounded by a GaN-rich part
thick 1ng1GaggN SQW cepped by a Gnmthiqk _GaN. The broad CL pesk in eech oot area. This structure
(FWHM;lOO meV) conssts of severd si’qp emisson pesks (FWHM=20 meV) be due to m i
having different pesk energies Monochromatic CL images taken a 400 and 420 nm may = _em&Op'_
showed primarily the complimentary relation. The resolution of the CL mappingis ~ Compositional undulation and it
limited by the diffusion length, which was nearly 60 nmiin laterdl direction. can act as quantum-disks (Q-
disks)® dots, or segmented
QWs having compostiona
and/or Sze inhomogeneity. Monochromatic scanning CL images of the same GalN-capped 1ny1GaygN SQW
taken a waveengths of 400 nm and 420 nm are dso shown in Fg. 11. A careful comparison between the
two images using a triangular-shaped dark marker on the bottom+-left corner indicated following results; (a)
each bright (white in the figure) area conssts of emissons from real gpaces of about 60-400 nm in laterd
sze, (b) some dark areasin one figure correspond complementary to bright onesin the other figure, and (c)
some aress exhibit both 400 and 420 nm CL emissions. These results can dso be explained by the existence
of compostionad undulation whose laerd intervd is smdler than 60 nm, which vdue is the spatid
resolution of the system (diffuson length). Supporting evidences of the short diffuson length in InGaN
QWs were reported by Rosner et al.>** They showed less pronounced CL contrast in InGaN SQW
compared to GalN.>* Sato et al. estimated the PL intensity as a function of TD density and aso supported
the short diffusion length model in InGalN QWs>" The result (c) indicates thet the redl areathat emits CL is
far smdler than the diffusion length (60 nm). Kisidowski et al. and Ponce et al.>” estimated the structurd
gze of InN-rich cdlugters to be less than 10 nm and 20 nm, respectively. Such CL nanodructure was aso
found for compositions aslow asx=0.03. This meansthat large FWHM of the PL pesk and broadness of the
PLE sgnd edge for the CASE | QWs represent the in-plane effective emisson bandgap inhomogeneity.
Note that e-h wavefunctions in the Q-disks are confined with respect to the zdirection, and Q-disks or Q-
dots can improve the emission efficiency of QW excitons due to the laterd confinement in limited spaces,
that can reduce nonradiative pathways. Thisisthe reason why InGalN exhibits bright spontaneous emissons.
Naturaly, it overcomes disadvantages of usng wurtzite materias due to the polarization-induced dectric
fields. The e-h wavefunctions are il overlgpped even in the pronounced CASE I1. The emisson lifetimeis
affected by both the e-h pair separation due to Fr, and in-plane locdization for CASE 11 and pronounced
CASE II. In Q-disks, the spontaneous emission lifetime becomes long since the emission is prohibited when
thewave vector of exciton center-of-mass motion isabove the critica energy.™

3-nm-thick In, ,Gg, gN SQW

wide-area CL
420 nm 400 nm

\ 1
M

PLE
///\ spot excitation

CL

PLE Intensity (arb. units)

CL Intensity (arb. units)

10K
28 30 32 34 36
Photon Energy (eV)

Origin of exciton locdization

One of the possble origins of the in-plane bandgap inhomogenaty is an inhomogeneous
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1 Fig. 13 Time-integrated PL spectra and the decay time Oas a
= . . . . function of emission energy at RT of InGaN MQW grown on
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Fig. 12 PL and PLE spectra at 10 K  digtribution of Fsz due to strain fluctuation. If we atribute the

obtained from InGaN SQW and MQW  jn-plane net Stokes shift to this, the potential fluctuation can be

S”“OCt“r.& grown on LEO window and |aded by filling carriers to screen Fry. However, the FWHM

LEO wing regions of PL or EL in InGaN QWs does not change or even increase
with increasing excitation level. Therefore, an intrindc compositiona inhomogeneity is the most probable.
Keller et al.® found a spird growth of InGa initiated by the mixed character TDs. If such a growth mode
accumulates In to the growth step edge, compositiona inhomogeneity would be produced. To invedigate
this, optical properties of InGalN QWswere investigated asafunction of TD density™ using LEO technique.
A siesof InGaN QWSs were grown on didocated GalN grown from the SO, mask opening (window) and
nearly TD-free GalN laterdly overgrown on SO, from the opening (wing) & the same time in order to
minimize run-to-run or place-to-place fluctudtion. Figure 12 shows PL and PLE spectraa 10 K of InGalN
SQW and MQW dructures grown on the window and wing. As shown, they showed exactly the same
properties. The luminescence decay time [CImeasured by thetime-resolved PL. measurementswas 6 nsa RT
for the MQW structure, and was independent of TD density. The low temperature PL lifetime was dso
independent of the TD dengty. In addition, the energy resolved [Jof nearly TD-free InGalN MQW increased
with decreasing the photon energy, as shown in Fig. 13. This is characteridtics of the localized dectronic
system. The relation between [0 and E was fitted usng (XE)=C} A 1+exp[(E-Ene)/Eg], Where E;=60 meV
represents the depth in the tall sates, E«=2.88 eV isthe energy similar to the mohility edge, and =12 nsis
the radiative lifetime. These values are ressonable for the device-quality InGaN QW systems with highly
|attice mismatched nonrandom aloy broadening.

It should be noted thet dl the optical properties do not depend on TD dengty. Conversdy, the in-
plane net Stokes shift is affected by changing the barrier growth rate® and InN molar fraction of the QWs®
Therefore the in-plane effective bandgap inhomogeneity is caused by growth parameters, point defects, or
thermodynamics rather than phase separaion initiated by TDs. Anoma ous temperature independence of the
luminescence pesk energy™> cannot be explained only by an inhomogeneous Fr. Since the change in x
changes Fz, the Q-disk Sze/ ssgmented QW potentid may, at least partly come from the nonrandom aloy
potentia fluctuation emphasized by the large bowing parameter in InGalN.>2*%

For LDs, the effective bandgap inhomogeneity more than 50 meV istoo large to obtain an uniform
EHP in the well. Indeed, some InGaN MQW LDs showed EHP lasing in tail states®%%%% This may
cause theincresse of threshold current density of InGalN LDsin termsof reduiction in differential gain.®

Summary
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Importance of QW exciton locdization into the energy tal states was explained in addition to high-
fidd effects in InGaN QWSs. This Q-disk sze potentid minima make the diffuson length short and
effectively keep carriers away from nonradiative pathways, which is a diginct difference between GalN and
InGalN QWs. Strong F separate e-h pair into triangular potentid wells formed at opposite Sdes of the well
and gpparent Stokes-like shift is dominated by Fs, for CASE I, 111, and IV. The ostillator strength of the
separate e-h pair is very amdl for CASE 11l and V. State-of-the-art InGaN LEDs and LDs generdly have
QWswith L = 25-3.5 nm and most of blue, green, and amber LEDs may belong to pronounced CASE 1.
However, the overlap of e-h wavefunctionsis recovered by screening Fe; by injecting carriers or doping S,
resulting in huge blueshift of the emission pesk and a decrease of the gpparent Stokeslike shift. Note that
veticd e-h par diganceis gill smdler than as, resulting in large overlgp of their wavefunctions. Therefore
the locaized QW excitons have strong Coulomb interaction provided thet L<as. In order to understand
precise mechanisms of the bandgap inhomogeneity and carrier locdization, and to obtain long wavelength
LDs expanding from pure green to red wavdengths, fabrication and investigation of cubic zinchlende
InGalN QWSs are mandeatory to diminate the modulation due to strain-induced piezod ectricity.
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