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We investigate the carrier-injection effect in the emission spectrun of strainal GaN/InGaN/
AlGaN quantun well (QW) blue emittes using a pulsal currert excitation technique Spectral
blueshit as large as 80 meV in the emissian pe& enery was observe as the injection current
increasefrom 1 mA to 1 A. Baseal on aself-consistencalculation tha couples the Poissm equation
with awurtzite-type Rashla—Shela—Pikus Hamiltonian four importar interactiors are evaluaté in
orde to determire the opticd properties of InGaN QW. It is shown tha the spectré redshifting
cause by a piezoelectriciy induced quantum confinad Stak effeat and carrier-induce bard gap
renormalizatio is counteracte by a blueshit due to the bard fillin g and charg screenig effects.
The increag of InGaN QW emissiom pe& enery and intensiy with injected carries suggest a
dominar contributian from the latter in a band-to-bad recombinatio process © 199 American

Institute of Physics [S0003-695(99)01906-3

Recel progres in the epitaxid growth, doping control,
ard device processig of indium gallium nitride (InGaN) has
mack this materiad systen a promisirg light emitter operated
in the wavelengh regime rangirg from ultraviolet to visible !
Succes of Nichia's commercia high brightnes blue/green
light emitting diodes represents one such exciting
achievement;while the more recen repors of long lifetime
continuots wave room temperatug operatian of InGaN laser
diodes on sapphiré and gallium nitride (GaN)* substrates
hawe stimulatel further scientifc investigation Despie the
fact tha InGalN is one of the mod applicabé materiats used
for shot wavelengh emitters mary of its novd optical
properties such as carrier-inducd spectra shifting® still re-
main a gred challeng to be resolved Conventionhwisdom
has pursuel a modd analyss basel on a wurtzite-type
Rashla—Shela—Pikus (RSP Hamiltonian in calculatirg the
bard structurs of InGaN-basd quantun wells (QWs).% In
this method intrinsic properties suc as piezoelectriciy and
many-bog effect are often neglecte in the so-callal free
carrie¢ modé in orde to grart a guidelire on the device
designiry issues Although simplistic in nature considerable
discrepang has been found betwea the opticd measure-
mens ard the calculatel spectra For example an emission
pe& enery differene on the orde of 200 meV has been
noted in a InGaN QW emittee when compare with a flat-
bard modé calculation?

From the device physics poirt of view, it is desirabé to
unrave the mysterie of piezoelectriciy ard many-bog ef-
fects in orde to pursie abette engineerig of the optical
properties of InGaN QWs. Piezoelectricif occus in a
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wurtzite-type QW due to astrain-inducd polarizatio in the
longitudind (growth) direction e.g, ¢ axis® The piezoelec-
tric field for alow In compositian epilaye on GalN typically
measurea strengh of 1 MV/cm. In astrainal InGaN QW, a
novd piezoelectricity-inducg quantum-confing Stak effect
(PQCSH has recenty come to our attention® By taking ad-
vantagg of sud a novelty, one can further tailor the
electroni¢®!! as well as the opticd properties of nitride-
basel QW devices'?

Since the lasing and high brightnes emissia of InGaN
QW take place at high levels of currert injection study of
the many-bog effects on the recombinatio proces has be-
come an importart isste in the field. The many-bog effects
in asemiconductoemissia include the bard ggp renormal-
ization, plasna screeningand excitonic enhancemerof the
interbar transitian probability!® However we note that the
excitonc phag in a highly excited QW becoms unstablé*
as the two-dimensionh electrov—hole densiy exceed n.
=1/ma3, whee ag is the excitan Bohr radius When subject
to an electrc field, it is found tha a field strengh of 6
X 10° V/cm is sufficiert to dissociag the free excitors in a
nitride QW.® Thus for a piezo-straind InGaN QW operated
in a high carrig excitatin regime it has bean shown to be
sufficiert to conside a dominarn proces of band-to-band
transitiors in analyzirg the luminescencé® opticd gainl’
and lasing phenomen¥ at room temperature.

In this letter, we repot a series of electroluminescence
(EL) experimerg on strainel GaN/InGaN/AIG& single
guantun well (SQW) light emitting diodes (LEDs) in which
a pulsed current excitatian technique has bean usel to study
the QW emissian in the high carrig injection regime By
analyzirg the effects of PQCSE bard gap renormalization,
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FIG. 1. Normalized EL specta of a 3.0 nm Iny ,Ga, N QW blue emitter at
various injection currents.

bard filling, and charg screenig in a self-consistent
schemewe are able to quantify the phenomeno of carrier-

induced spectréshifting in astrainel InGaN QW for the first

time. We therefoe attribute the spectré blueshiftig and en-

hancemen of the QW emissim intensily to the dominant
charg screenig and band-filling effecs in a band-to-band
recombinatia process.

Sample usd in this study were grown by metalorganic
chemica vapa depositim (MOCVD) on (0001) sapphire
substratesthe active region of the SQW LED consistd of
an undopel 3.0 nm strainel Ing ,Ga&, N epilaye sandwiched
betwea a n-type Si:Ga\ ard a p-type Mg:Aly .Ga, gN layer
of 4 um and 100 nm thickness, respectivelyn orde to
investigae the LED emissiam spectrum unde a high carrier
injection condition apulse currert excitatian technigque was
usal in the measurementThe devices were biasel with
pulseal currens up to 1 A at a pulse width of 0.5 us and a
low repetition rate of 10 Hz. With a duty cycle as low as
10" %, one was able to eliminat the heatirg effect ard avoid
ary artifacs in the spectrun analysis.

In Fig. 1 we illustrate the normalizel EL specta of the
strainal 3.0 nm Iny ,Ga, N QW blue emitter at various in-
jection currents At room temperaturga large spectré blue-
shift of 80 meV in the emissio pe&k enery is resolvel as
the injection currert increase from 1 mA to 1 A. Spectral
broadenig also occuss with the increa® of currert injection.
We note that the spectrablueshiftirg in aInGaN QW occurs
opposite tha of a InGaN doubk heterostructurd n the latter,
one typically measure aspectraredshit unde a high cur-
rert injection condition This has been ascribe to abard gap
renormalizatio proces resultig from the many-body
effects!® Since the effed of bard gap renormalizatia in-
creass with a reducel dimensionality’ the spectré blue-
shifting in a InGaN QW emissiam represerg an interesting
fundamenth phenomenno to be resolved In addition the
so-callel bard gap narrowing upan which the emissia peak
enery of a InGaN QW is found considerab} smalle than
that of a stress-fre InGaN epilaye is worth noting?* Plau-
sible causs of sud abard ggp narrowirg hawe been accred-
ited to the exciton and stres effects but no quantitative ex-
planatiors have been made®

Since the phenomea of bard ggp narrowirg and spec-
tral blueshiftirg are pertinen to the device operatio of In-
GaN QW emitters it is desirabé to resole thes novelties
from afundamenthpoint of view. One therefoe has to apply
a self-consisten analyss regarding the effects of PQCSE,
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FIG. 2. Evolution of the GaN/InGaN/AIG& QW potentia profiles as each
of the perturbatios is sequentialf turned on. The injection carrie concen-
tration N;; is assumd to be 4x 10" cm™3,

bard gap renormalizationbard filling, and charge screening
on the opticd properties of InGaN QWSs In doing sq, the
equatim of motion for the conductim bard Schralinger
equation ard valen@ bard RSP Hamiltonian are solvel it-
erativelyy by coupling with a Poissm equatimm who® spa-
tially varying piezoelectr field is concurrenyy screend by
acharge distribution in the QW region The two-dimensional
bard gap renormalizatio of a InGaN QW is solved by fol-
lowing the formaliam describd in Ref. 22. The materia pa-
rametes of InGa\ and AlGaN are taken as alinea interpo-
lation from tho=e of the binary GaN?® AIN,?* ard InN,?®
excep tha the deformation potentia of AIN and InN are
assumd to be the sarre as thos of GaN.

In Fig. 2 we depid the correctel potentid profiles of a 3
nm straine GaN/In, ;Ga, gN/Alg ,Ga; N QW ard compare
it with afree-carrie flatbard modé calculation as eadt of the
fundamenthinteractiors is sequentialf turned on. The com-
parism is made with an injected carrig densiy NInJ of 4
X 10*° cm™ 3 in the InGaN well region Data shown in Fig. 2
reved how critically the QW potentid profile evolves with
the perturbatios and indicates the importane of performing
a self-consistenanalysis Due to the charg screenig (Pois-
son ard bard ggp renormalizatio effects we note the ef-
fective strengh of the piezoelecti field is reduce from
3.21 to 1.96 MV/cm. We al illustrate in Fig. 2 the k;=0
subban envelog functiors of n=1 conductim (C;) and
heay hole (HH,) states A reducti;m in the oscillator
strengh has taken place as the spatid overlappiy between
the electran and hole is decrease by the piezoelectr field.

In Fig. 3 we calculat the opticd gain of the strainel 3.0
nm InGaN QW following the scenam outlined in Fig. 2.
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FIG. 3. Calculatel opticd gain of the 3.0 nm GaN/InGaN/AIG& QW.
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FIG. 4. Comparisa betwee the calculate opticd emissio specta ard the
experimenthdata The experimenthdat are from Fig. 1 at a pulsel injec-
tion currert of 900 mA.

Since the selection rule of forbidden interbam transitions
(An+0) relaxesin aQW unde a strorg electri field 2 it is

sufficiert to take a summatiamn over two conduction and
seven valene@ subband in evaluatimg the opticd gain of a

narrav Ing ,Ga, gN/Al ,Gay N QW studied in this case?’ By

doing so we can quantitativey differentiae the contributions
of PQCSE charg screening bard filling, and bard gap
renormalizatio to the opticd gain of a strainal InGaN QW.

Data shown in Fig. 3 clearly revea the fact tha afree carrier
modé calculation indeel exaggerate the opticd gain of a

InGaN QW while a piezoelectie calculation without taking

into accout the charge screenig effed can severey under-
estimae the result Unde the influenc of charg screening
ard bard ggp renormalization we notice tha a more pro-

found quantun confinemeh has been establishd with re-

sped to the unscreene case.

Finally Fig. 4 shows the calculatel spontaneosi emis-
sion specta of the 3.0 nm InGaN blue emitte in comparison
with the experimenthdat obtainel unde a pulsed current
excitation at 900 mA. In the self-consistehanalysis only the
injected carrie densiy (Niy;=2.2x 10" cm?) ard the line-
width broadenig factor’® (1/7=120 ps'!) are chosa as the
fitting parametersWe hawe found goad agreemenbetween
the calculation and the experimenhover awide spectrarange
of 0.5 eV. We therely can rationaliz the so-callel bard gap
narrowing as being due to the omissic of PQCSE charge
screening and bard gg renormalizatio in the commonly
usal free-carrie modd analysis’® Moreover we note there
exists a minor discrepang in the low energ portion (~2.5
eV) of the calculatel emissim spectrun with respet to the
experimenth data The latter might resut from neglecting
the bard tail states in the analysis>°

In summary we repot a high currert injection analysis
of the EL specta of strainel GaN/In, ,Ga, gN/AlGa gN
SQW LEDs. A spectra blueshit of 80 meV is observe as
the injection currert increase from 1 mA to 1 A. The emis-
sion spectrum of a strainel INnGaN QW is determine by a
competition betwee a spectra redshiftig mechanim of
PQCZE ard bard ggp renormalization and a blueshifting
mechanim of band-filling and Poissm (charge screening
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effects In the high carrie injection regime a self-consistent
modd analyss has been propose amd shown excellent
agreemenwith the experiment The increa® of InGaN QW
emissim pe&k enery ard intensiy with injected carriers
suggest a dominan band-to-bad recombinatio proces at
room temperature.
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