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Mode spacin g “anomaly’ ' in InGaN blue lasers
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An importart experimenth observatio in InGaN lase diodes (LDs), which is nat yet fully
understooglis tha the measurd mode spacim of the lasing specta could be one orde of magnitude
large than tha “calculated” from the known cavity length The aim of this letter is to shed light
on the natue of the mode spacimg “anomaly” in InGaN LDs. We hawe derived a formula which
accurate) determins the mode spacirg in InGalN LDs. Our analyss has shown tha the discrepancy
betwea the “expected’ and observel mode spacim is due to the effead of carrier-induced
reduction of the refractive index unde lasing conditiors and this discrepang decreasg and
naturaly disappeas as the threshotl carrie densiy required for lasing decreasesSince the
carrier-inducd reductian of the refractive index is expecté only from an electram—hole plasma
state our resuls naturally imply tha electron—hole plasrma recombinatio provides the opticd gain
in InGaN LDs, like in all othe conventionall |-V semiconductolasers The implications of our
resuls on the desig of nitride optoelectront devices are alo discussed © 199 American
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Over the pag severd years we hawe witnessée rapid
advancs in the developmenof I11-V nitride-basd devices
suc as blue and UV light-emitting diodes (LEDs) (Ref. 1)
ard continuous-wag (cw) operatim of InGaN multiple
quantun well (MQW) lase diodes (LDs).?* With continued
progres in fabricatilm and optimization of InGaN LDs, it
becoms increasingy importan to understad the fundamen-
tal properties of this class of LDs. One of the key issuesis of
coure the lasig mechanim in InGa\ LDs, namely the
natue of the opticd recombinatia tha supplies the optical
gain within the InGaN MQW active medium Severalasing
mechanisma for the 111-V nitride lases hawe been proposed
recently which include (a) localized excitan recombination
in the In-rich regiors (or the so-callel “quantum dot”
regiong*® and (b) conventionhelectrai—hole plasma (EHP)
recombinatior?.~8 The opticd gain origin in the Il 1-V nitride
lases has alo been theoreticaly studied®° Calculation re-
sults hawe suggeste that an interactirg EHP recombination
provides the opticd gain in InGaN LDs. The opticd gain
specta of Nichia’s InGaN MQW blue LDs hawe bea mea-
surad ard it was suggesté tha EHP recombinatio is re-
sponsibé for the gain mechanisnt! Anothe puzzk involved
in the developmenof InGaN LDs, which still remairs unre-
solved is tha the measurd mocde spaciry of the lasing spec-
tra is large (could be one orde of magnituc largep than
that “calculated” from the known cavity length2*3The dis-
crepany betwea the measurd and the “calculated” mode
spacig has been universaly observe in the lasing spectra
of GaN epilaye cleavel cavities by opticd pumping**°and
pulsel InGaN LDs.*?*3 |t has been propose that the smalll
cavity mirrors formed by cracls led to the observe large
mode spacing'*®*However the cracks have not been seen
in InGaN LDs .3

In this letter, we hawe derived a formula which accu-
rately determine the mode spacim in InGaN LDs. Our
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analyss has shown tha the discrepang betwea the “ex-
pected’ and observe mode spacimy is due to the effed of
carrier-inducd reductio of the refractive index unde lasing
conditiors ard this discrepang betwee the “expected’ and
observe mode spacig decreaseand naturaly disappeasas
the threshotl carrig densiy required for lasing decreases.
Since the carrier-inducd reductian of the refractive index is
expecte only from an electra—hole plasna state our re-
sults thus imply tha electra—hole plasma recombination
provides the opticd gain in InGaN LDs, like in all other
conventionh I11-V semiconducto lasers The implications
of our findings on the desiq of the nitride LDs and other
optoelectrons devices are al discussed.

Different mathematicbformulas for the mode spacimg in
semiconducto lases can be derived for the Faby—Perot
modes with differert degres of accuracy In the following,
we will discus ead case separately:

(i) In the simples case one assume tha the refractive
index is a constant n=constant In this case the resonant
conditiors are

2nL=m\, (@]

where L and \ are the lase cavity lengh ard emission wave-
length respectivelyard m is the order of modes within the
Faby—Perd cavity. It gives by differentiatirg both sides of
Eq (1), mAN+AAm=0 ard the mode spacing

AN=|—N/m|=\%/2nL. )

Equatio (2) is the mog crude formula for calculatirg the
mock spacimy of the lasing specta of a semiconductolaser.

(ii) A more vigorous formula would include the disper-
sion relation of the refractive index n=n(\). By doing so,
we obtan from Eq. (1) tha 2L(dn/dA\)AN=mAN+XAM
ard the mock spacimg to be

2L

AN = S A =m - (dnfdn) = (nin)

()
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Equatian (3) thus provides a more accura¢ descriptio for

the mode spacig than Eg. (2). As shown in all published
literature so far, the mode spacimg in I11-V nitride lasers
eitha by electricd or opticd carrig injection hawe beea es-
timated by using eithe Eq. (2) or Eq. (3). Thus ary discrep-
ang/ betwee the measurd and the “calculated” (or “ex-

pected”) mode spacirg cannd be simply explaing by Eq.
(2) or Eq. (3).

(iii ) Although the dispersia of the refractive index has
bee included in deriving Eq. (3), anothe crucid factor,
namely the effed of carrier-induce reductio of the refrac-
tive index unde lasing conditions mug be included in order
to explan the mode spacirg “anomaly” in InGaN LDs.
Sudh an effed is less critical in othe semiconducto LDs,
but it is very importart for InGaN LDs, especialy for rela-
tively less superio pulsed LDs in which high threshotl cur-
rert densities or threshotl carrie densities are required for
lasing Unde lasing conditions the high free-carrie density
will alter the refractive index n. Thus n is nat only a func-
tion of \, but is also afunction of n, the free-carrie den-
sity. By writing n=n(\,n,), the mode spacirg mug be re-
calculated From Eg (1), we haw 2L((9n/¢9)\)neA)\
+2L(dn/dng)Ane=NAm+mAN\, which leads to

N—2L(dn/dng)\Ang
2L(anldgN)p —m

NGRS

_ A—=2L(dnldne),Ane
B 2L(on/dN)n —(2nLIN)

~(AN)n o[ 1—2(L/N)(dn/dng)Ane],  (4)

where (A)\)nezo is the mode spacimy with neglectig the
carrig effed ard is just AN(\) of Eq. (3). In obtainirg Eq.
(4), we haw usal the approximatimmn of ((?n/&)\)ne
~(an/(9)\)ne:0w(dn/d)\). In mog cases the refractive

index n decreases linearly with the free-carrier
concentratior?; 16
n=ny— (2mNee?/nym* »?), (5)
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The amourn of reductio of the refractive index n due to
the presene of the free carriess of densiy n, is determined
by Eq. (5). Using ng=2.6, m*=0.2m, (m, being the free-
electron mas3$,'® and,w=3.0eV, we have

An=n—ny=—(27e?/nym* w?)ng=— 3.2 10 ?’n (cnr).

Y

Using the transpareng densiy for less superia pulsed LDs
of abou 10'%cm® (Refs 9 ard 10) the refractive index
chang due to the free carriesis only abou 3x 10~ 2, which
is a smal reduction However by including the variation of
the refractive index with the carria densiy in the mode spac-
ing formula a smal reductia in the refractive index due to
the carrig effed will resut in a large chang in the mode
spacirg becaus of the prefacta (2L/\) in the secom term
of Eq. (6). For atypicd InGaN lasa with a cavity lengh L
=500um and emission wavelengit=0.40um, we would
hawe the prefacta in the secom term of Eq (6) 2L/A
~250Q Thus Eqg. (6) becomes

ANN, NG =ANpe_o[1+8X1071° (cmP)n,]. (8)

Assumirg agan the transpareng densiy for less superior
pulsel LDs of 10'%cm?, by using Eq. (6) or Eq. (8), we
obtain the mode spacirmy to be

AN(A,Ng)=AN__o[ 1+8]=9(AN, o). (9)

We see tha at a carrig densiy of 10'°cm™ 2 the mode spac-
ing calculatel by our formula of Eq. (6) is a factar 9 larger
then that “calculated” by using Eq. (3) (or AXp_—0). Thus,

Eq. (6) can easiy explan why the observel mode spaciry is
abou one orde of magnituc large than tha “calculated”
from the known cavity lengh by using Eq. (3) in relatively
less superiag LDs, in which high threshodl carrier densities
(>10%cm3) are requiral to achiee lasing Examples in-
clude the earlie Nichia’s pulsel InGaN LDs*?*® pulsed
InGaN LDs fabricatel by a few othe groups and the opti-
cally pumpel GalN epilaye cleavel cavities*1°1°

In addition to providing a satisfactoy explanatia for the
moce spacig “anomaly,” our formula also clearly illus-
trates tha the discrepanyg betwea the observel mode spac-
ing and that “calculated” from the known cavity lengh by

where m* and w are the effective mass of carriers and fre- using Eq. (3) decreaselinearly with the injected carrie den-

queny of lase emission respectively and ny is the refrac-
tive index of InGalN in the absene of free carriers From
Egs (4) and (5), we thus have

A)\()\,ne)zA)\nezo[le(2L/)\)(27-re2/nom* w?)Ang]

=A)\ne=o[l+(2L/)\)(21-re2/n0m* 0’)ng]. (6

Insteal of Eq. (3), Eq. (6) provides a much more accurate
descriptio for the mode spacirg of the lasing spectraA\, in
a semiconducto laser Equation (6) includes the effea of
free-carrier-induce refractive index reduction which to the
beg of our knowledg has nevea been derived previousy for
semiconducto LDs but is the key for resolvirg the previ-
ously reportel discrepang betwea the observe and the
“calculated” mode spacimg in InGaN LDs. Thiswill become
quite transparenafter we perfom the following simple cal-
culations.

sity. As anaturd consequencéan Nichia’s later cw InGaN
MQWs LDs in which the threshaotl currert densiy was sig-
nificantly reduced the discrepang betwee the measured
ard the “calculated” mocde spacig by Eq. (3) becane less
noticable?3%°
More importantly, sinee the carrier-inducd refractive
index reductio is expectd only from an EHP state our
analyss thus provides additiona evidene tha EHP recom-
bination provides the opticd gain in InGaN LDs. The forma-
tion of an electra—hole plasma state and the effed of re-
ducel refractive index with increasig carrie densiy have
bee observe in InGaN epilayes unde strorg optical
excitation® It has also been suggesté tha unde a high car-
rier injection rate alocd chang in refractive index could
resut due to an increag in locd temperatue ard excess
carrie density** Carrier-inducd refractive index changes
hawe been observe in othe semiconductoré!?? Thus in
casesthe variation of the index of refraction with the

. ma%
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injection carrig densiy mudg be included in orde to inter-
pret the lasing specta and the mode spacing It is anticipated
tha the effed of reduction of the refractian index in the EHP
stae become more pronouncd in lases with shorte optical
cavity lengths especialy the verticd cavity surfa@ emitting
lasers Therefore sud an effed has to be taken into consid-
eratin in the desigh of optoelectrorns devices using Il1-V
nitrides.

In conclusion we hawe shown through a mode spacing
analyss that the lasing mechanim in InGaN MQW (LDs) is
conventiongli.e., electra-hole plasha recombinatio pro-
vides the opticd gain like in all othe 111-V semiconductor
lasers An accurag¢ formula describirg the mode spacimg in
INnGaN LDs has been derived The discrepang betwea the
observel mocde spacig and tha “expected’ from the
known cavity length in the lasing specta of the InGaN LDs
ard Ga\ epilaye cleavel cavities has been resolved Our
analyss has shown tha the mode spacig “anomaly” in this
class of LDs is due to the effed of the refractive index re-
duction in the electron—hole plasra stae unde lasing con-
ditions The implicatiors of our finding on optoelectronic
devices basel on I11-V nitrides hawe also been discussed.

The researhb is supporte by ARO, BMDO/ONR, DOE
(Grart No. 96ER45604/A00) ard NSF (Grart Nos. DMR-
95282% ard INT-9729582.
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