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Analysis of optical gain and threshold current density of wurtzite
InGaN/GaN/AlGaN quantum well lasers

Y. C. Yeo, T. C. Chong,® M. F. Li, and W. J. Fan
Department of Electrical Engineering, National University of Singapore, 10 Kent Ridge Crescent, S119260,
Singapore

(Received 20 January 1998; accepted for publication 8 May )1998

The valence subband structures, density-of-states, and optical gaif0Gifl) wurtzite
In,Ga,_,N/GaN gquantum well§QWSs) are studied using a numerical approach. We used the
effective-mass parameters of GaN and InN derived using the empirical pseudopotential method. By
varying the well width and mole fraction of In in the well material, the effects of quantum
confinement and compressive strain are examined. A narrower well width and a higher In mole
fraction in the well lead to transverse electric enhancement and transverse magnetic suppression of
the optical gain. From the relationship between the optical gain and the radiative current density, we
obtain the transparent current density for a single QW to be 200%A/dme InGaN/GaN/AlGaN
separate confinement heterostructure multiple QMQW) laser structure is then analyzed. It is
shown that a suitable combination of well width and number of QWs should be selected in
optimizing the threshold current density in such MQW lasers. 1998 American Institute of
Physics[S0021-8978)00416-3

I. INTRODUCTION pendence of the optical pumping threshold power for stimu-
lated emission. The threshold optical power for a device hav-
The interest in wurtzit€ WZ) GaN-based semiconduc- mg three InGaN QWSs was 33 kW/&;nthe lowest reported
tors for the fabrication of blue light-emitting diodésEDS) o date® RT pulsed operation was achieved for a laser diode
and lasers stems from their prospective applications in fU'having five periods of I§;Ga gdN (2 NM)/INg 0Gay 0N (4
color displays and high-density data storage systems. Ovefm) Qws. The threshold current density was 9.5 kA?dn
the last few years, intensive research has led to the demoin the theoretical side, the most widely studied structure is
stration of room-temperatui@®T) blue/violet laser emission the GaN/AIGaN SQW as only the effective-mass parameters
in the InGaN/GaN/AlGaN-based heterostructures undepf GaN and AIN are availablé® The biaxial strain effect, the
pulsed currents® and continuous-wave operatidiRecently,  effect of a varying well width and Al mole fraction in the
InGaN multiple QW(MQW) structure laser diodes with high parrier, and the many-body Coulomb effects have been sub-
power and long lifetime were report&drhe threshold cur- jects of intensive study for the WZ0001) GaN/AlGaN
rent density was 4.2 kA/ch a significant reduction from SQW? 23 For MQW structures, the dependence of the
8.8 kA/cnt reported earlief.From a device standpoint, it is threshold current density on the well number has not been
important to optimize the InGaN/GaN/AIGaN laser structure,ye|| investigated. This relationship for MQW structure laser
to achieve even lower threshold current density and highegigges containing InGaN would be useful because most
differential quantum efficiency. Apart from improving the geyiced-¢ employed InGaN as the active layers. Recently,
crystalline quality of the material, a study of the optical gain,ye derived the effective-mass parameters for GaN and InN

with varying strain and quantum confinement in the QW, and,sing the empirical pseudopotential meti8&uch material

with varying device parameters in a MQW structure, is neCyarameters for InN were previously unknown. Thus, material

essary. For a single QUSQW), the material composition in yegjgn in wide-gap nitride-based semiconductor lasers con-
the well (in the InGaN/GaN SQWor barrier(in the GaN/ taining INGaN can be examined.

AlGaN SQW can be adjusted to control the amount of lat- |1 this article, we investigate the optical gain and the

tice mismatch and the barrier height. The barrier height angy, .ashold performance of the InGaN/GaN SQW and the

well width of the QW determine the magnitude of quantum|nGaN/GaN/AIGaN separate confinement  heterostructure
confinement, and directly modify the subband structures an CH MQW structure. The effect of varying the In mole

the optical gain properties. For a MQW structure laser diodegaction in the InGaN QW is taken into account. For the

parameters such as the number of QWs used, the thicknessggy e also analyze the valence subband structures and
of the barrier and cladding layers, and the material used fofyq gensity-of-states where the effects of quantum confine-

these layers, can be varied to give an optimal structure with,ont ang compressive strain are studied by varying the well
low threshold current density. On the experimental side, Refwidth, L,,, and the mole fraction of Ir, in the well material

6 reported the optimization of the well structure of InGaN(InXGai_XN). For the InGaN/GaN/AlGaN SCH MQW, we
MQW laser diodes using the results of the well number dey 5y the device structure parameters and show that a suitable
combination ofL,, and number of QWsn,,, should be se-
dElectronic mail: electc@leonis.nus.edu.sg lected to obtain low threshold currents. The organization of
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this article is as follows. The calculation of valence subbandvork. Our results could be useful in the design of MQW
structures is shown in Sec. Il A. In Sec. Il B, we show thelasers based on the WZ nitride-based semiconductors.

calculation of the optical gain spectra based on a nhumericdl. THEORY
integration over a largk, —k, space without the use of ana- A. The valence subband structures

lytical approximations. The results are documented and dis-  The 646 effective-mass Hamiltoniay, for (0001) WZ
cussed in Sec. Ill. Section IV concludes the findings of thiscrystals is given by

[ F —K* —H* 0 0 0 Ju)=—|(X+iv)1)\2
K 6 H 0 0 A |lu=lx-inn2
N _H —H* N 0 A 0 |U3>:|ZT>
0 0 0 F* -K H* lugy=|(X=iY)|)/\2 |
0 0 A K" G HY = (X+iY) )2
0 A 0 H* —-H N |lug=|zZl) @
where

F=Ai+A,+A+0, G=A;—A,+\+6, A=\2A,,
2

_ A2+ Ay(K2+k2)]+D D

A [A1ks +Ax(K+K)) ]+ D€+ Dol exxt €yy),

2m
° 2)
ﬁZ
6= 2me [AKZ+Ag(Ki+k5) ]+ D3e, ot Dal €xxct €yy),
h? h?
K= 2me As(kgtiky)?+Dge,, H= 2me Ag(ky+iky)k,+Dgey .
|
In Egs.(1)—(2), A is the crystal-field split energy, and Al—A,=—As=2A,, A;+4A=\2As, A,=Aj,
A5 account for the spin-orbit interactiok, is the wave vec- (4)

tor, €; is an element of the strain tensar, = €,,+ 2i €,y D;—D,=—D3=2Dy,, D1+4D5=\/§D6,

—€yy, €1 = €516y, A’s are the effective-mass param-

eters, andD;’s are the deformation potentials. FAr>A,

>0, the three bands from top to bottom are labeled as HH","

LH, and CH, respectively in the bulk crystal. The basis 6 _ _

functions in(1) representing the HH, LH, and CH bands at Z [Hij+ 8;E5(2) 100 (k) = ES(K) 4 (z,k),

the T point are (uy),|us)), (luz),|us)), and (us),|ug)), =

respectively. They;'s are composed using), |Y), and|Z) i=1.2,.6, (5)

which are thep,, py, and p, wave functions with their ) )

dipoles along th¢1010], [1120], and[0001] directions re- wh(_ere.m indexes the valence supbands, aBl2) is the

spectively. For the biaxial-strained0001) InGaN/GaN per.|0d|c MQW profile of the _unst.ramed ve}lepce band energy

SQW, the strain tensor in the well region contains which varies in the[0001] direction. Straln—lnduced band-
edge shifts are accounted for by the nondiagonal elements of

Hij. The six-dimensional envelope function{)(z,k), in

ap—a 2Cq3 (5) is described by

Exx™ Eyy™ a '’ €27= C33 Exxs

has been used. The valence subband structures of a MQW
re evaluated by diagonalizing

. . . 1
() = @l (kex+kyy) () T bkt p27il)z
d’m (z,k)=¢€ Y zp: am,p,kx,ky \/[ € )
€xy= €yz= €= 0, ©) _
j=1,2,...,6, L=L,tLp, (6)

wherea, anda are the lattice constants of the GaN barrier WhereL,, is the well width,L, is the barrier width, ang is

and the InGaN well layers, respectively, aBgs andCazare  @n integer running through the plane waves that compose the
the stiffness constants of the InGaN well layer. The materia?-dependent envelope funCtmﬁ?p,kx Ky is the coefficient of
parameters for GaN and InN are shown in Table I. The cubieach plane-wave. When the barrier width is large enough, the
approximatiof*>??where QWs are not coupled together and the energy dispersion,
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TABLE |. Material parameters for GaN and InN.

Parameters GaN InN
Lattice constanfs® (A)
a 3.189 3.54
[+ 5.185 5.70
Energy parametets®
E4(eV) at 300 K 3.50 2.04
A(=Ag) (MeV) 21¢ 17
Ag(meV) 11¢ 3°
Ay,=A3=A4,/3 (MmeV) 3.67 1
Conduction-band effective-masbes
mZ/mg 0.19 0.11
mi/mq 0.17 0.10
Valence-band effective-mass paraméters
A —-7.24 -9.28
A, -0.51 —0.60
A; 6.73 8.68
A, —-3.36 —-4.34
As -3.35 —4.32
Ag ~4.72 -6.08
Deformation potentiafs(eV)
a. —4.08
D, 0.7
D, 2.1
D, 1.4
D, -0.7
Elastic stiffness constants (adyn/cnt)°h
Cis 15.8 12.4
Cas 26.7 18.2
aSee Ref. 16. °See Ref. 20.
bSee Ref. 17. fSee Ref. 14.
‘See Ref. 18. 9See Ref. 15.
dSee Ref. 19. "See Ref. 21.

E;(K), in thek, direction is negligible. This gives the en-
ergy subband structure for a single Q\&,(ky,ky). The
wave function for themth valence subband is described by

k(D=2 B (2o Ky ug). (M
B. The optical gain spectrum
The optical gaing(% ), is evaluated frortf
g(hw)=g5ffio) 1—ex;{%§fm”, (8)
B
e _ q’m A 2
O rw)= nrceomaly, % f f |e. MKy, ky)
1 fr(ke k) [ 1= (kg Ky) 1(72 vl )
4m® [Ef(kye ky) —ho]?+(fiy)?
x dky dk, . 9

In (8), w is the photon angular frequendy, andF, are the

quasi-Fermi levels for the electrons and holes, respectivel

and kg is Boltzmann's constant. 1(9), q is the electronic
charge,m, is the free electron rest massis the free space
velocity of light, €g is the free space permittivityy, is the

refractive index,fﬁ(kx,ky) and fi,(ky k) are the Fermi-

" My [ Mg
S|p,1Z 2=—(——1
sp2) =7 | 2

Yeo et al. 1815

of the optical electric field. The intraband relaxation time,
y~1, is assumed to be 0.1 ps. Summation over electron spins
is implicit in (9). E;7 (ks k,) denotes the interband energy
between themth valence subbandz;,(ky,ky), and thenth

conduction subbandEﬁ(kx,ky). The conduction subband
structures are solved from

[He+EG(2)Jen(z,K) = Ef(K) en(Z,K), (10
L +P%(2) (1D)
20 me o mg ’

i 1
@ (Z,k)ze'(kakyY)z Unok k — gl(k+p-2m/L)z
n 5 n,p, x Ky \/E

(12

In (10—(12), E§(2) is the MQW profile of the unstrained
conduction band energm;, andm? are the electron effective
masses perpendicular and parallel to the growth direction
respectively, and®®(z) accounts for the hydrostatic energy
shift in the conduction band which is equal aQ(ex,+ €y
+¢€,,) in the well and zero in the barrier regioa,, is the
conduction band deformation potential. Thdependent en-
velope functiong,(z,k), of the conduction subband state in
(12) is constituted by plane waves, each weighed by the co-
efficientgn,p,kxky.23 The conduction subband wave function,

\Iff,’kwky(z), is given by

Ve (D= 2 en(zke kIS, 7), (13)
Xy n=T1,0

where 7 is electron spin. Thus, usin@) and (13), we can
evaluate the momentum matrix elemenk,y(k,,ky)
=<‘1’ﬁq,kx,ky|f’|‘l’ﬁ,kx,ky>: for transitions betweerlfﬁ,kxyky(z)
and ‘I’fn,kx,ky(z) where p is the momentum operator. The

k-selection rule is observed. The band edge momentum ma-
trix elements (S|py/X), (S|p,|Y), and (Sp,/Z), given
by12,15

[(SIp«IX)[?
=|(SlpylY)I?

My (M
2z
me

2
Egl(Eg+A1+A,)(Eg+24,)—2A%]
(Eg+As+Ay)(Eg+A)—AF 7

(14)

(Eg+ A1+ Ay)(Eg+24,)—2A3
(Eg+24A,) '

Dirac distributions for electrons in the conduction and va-

lence subbands respectively, amis the polarization vector

have been used.
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FIG. 1. The in-plane dispersion of valence subbands ofa@m gN/GaN  FIG. 2. The in-plane dispersion of valence subbands of,&dn ,N/GaN
SQW with (solid curvg and without(dashed curveconsideration of the  SQW forx=0.1 (dasheiland 0.2(solid) two different well widths(a) 25 A

biaxial compressive strain for two different well widtts 25 A and(b) 50 and (b) 50 A. Biaxial compressive strain is considered. The corresponding
A. The corresponding densities-of-states are plotted in the inset. densities-of-states are plotted in the inset.

I1l. RESULTS AND DISCUSSION
CHi subbandgwhich are constituted bjZ) at theT" point)
are distinguished and they move towards lower electron
energy when the biaxial compressive strain is considered
The in-plane valence band dispersions of the[see Fig. 1b)]. The effect of increasing quantum confine-
In,Ga _,N/GaN SQWs are calculated frott) and(5) using  ment with narrower well width can be observed by compar-
the parameters of GaN and InN shown in Table I. The effecing Figs. 1a) with 1(b). We see that a larger quantum size
tive mass parameters are from Ref. 14. Alloy properties okffect in a narrower well does not effectively separatei HH
In,Ga, _,N are obtained by a linear interpolation except forand LH. This is because the quantum size effect is isotropic
the gap energy which is taken from the optical measuremerin the in-plane directions and does not effectively separate
of Ref. 24. We have performed alloy band structure calculathe energies of LHand HH. In Fig. 2, we plot the valence
tions using the empirical pseudopotential method forsubband dispersion for two In mole fractiorjx=0.1
In,Ga,_4N wherex=0.1 and 0.2, and obtained close agree-(dashedl and 0.2 (solid)] for (a) L,=25A and (b) L,,
ment with the results of Ref. 24. For the InN—GaN interface,=50 A. An increase inx introduces a larger strain and a
the band-gap difference AE,, divides according to larger QW potential, both of which generally push the va-
AE, :AE.=70:302° The deformation potentials for GaN are lence subbands downward. Features of the density-of-states
from Ref. 15 which are obtained from a fit to the experimen-shift deeper into the valence band with an increaseg. im
tal data of Ref. 26. Deformation potentials for InGaN aregeneral, it is observed that the decreasek pf increase ok,
approximated to be equal to those of GaN. In Fig. 1, theor inclusion of larger biaxial compressive strain would bring
valence subband structures of thg J8a, ]N/GaN SQW are the quasi-Fermi level towards lower electron energy at each
shown for(a) L,=25 A and(b) L,,=50 A with (solid) and  carrier concentration. This enhances the contribution of the
without (dashedl strain accounted for. The energy disper- topmost subband to the optical gain. It is noted that the HH
sions are plotted against the in-plane wave vedtpr,since  and LH components of each subband gives rise to momen-
they are independent of the azimuthal angle in khe k, tum matrix elements associated with the transverse electric
plane. The labeling of the subbands follows from the pre{TE) polarization, and the CH component contributes to
dominant composition of the wave function at igointin  those for the transverse magnefidV) polarization.
terms of the HH, LH, and CH bases. The inset shows the The peak TE and TM gains for the ,@a _,N/GaN
corresponding densities-of-states. The densities-of-states aB®QW are plotted in Fig. 3 to illustrate the effects of a reduc-
obtained by integrating the states of the valence structureion in well width[L,,= 25 A (open symbolsand 50 A(solid
over a largek space. A fine mesh size of 0.001 25Ais  symbolg] and a change ix [x=0.1 (triangle and 0.2
used for the computation and convergence tests have beécircle)]. TE and TM optical gains are plotted using solid and
performed by varying the mesh size and limits of integrationdashed lines, respectively. Figure 3 reveals that the thinner
with negligible change in the results. The effect of the biaxialwell has a higher transparent carrier density but a higher
strain is seen by comparing the dashed and solid curveslifierential gain above transparency. For the
Inclusion of the biaxial strain does not change the subbanth, ;Ga, ]N/GaN SQW withL,,=50 A, theC2 subband be-
structures remarkably and the valence band-edge density-ofomes appreciably populated at about 3.5x 10'° cm 3.
states remains relatively unaltered. This is becauseCfje  From there, the secondary TE peak gain in the gain spectrum
symmetry of the WZ crystal is not reduced by the biaxialbecomes the dominant peak and contributes to an increase in
strain. The energies ¢K) and|Y) constituting the HHHand  the differential gain. For the j3Ga, gN/GaN SQW with the
LHi subbands at thE point are not differentiated and these same well width [,,=50 A), the secondary TE peak be-
subbandgwith the samd) remain closely spaced. Only the comes dominant at a higher carrier density ot4

A. Valence subband structures and optical gain of
In,Ga; _,N/GaN SQWs
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FIG. 3. Peak TE and TM optical gain coefficient as a function of carrier FIG. 5. Peak TE optical gain coefficient as a function of the radiative cur-
density for a compressively strained,@g _,N/GaN QW forx=0.1 (tri- rent density for a compressively strained®a _,N/GaN QW forx=0.1
angle and 0.2(circle). Solid symbols are used fdr,,=50 A and open  (dashedland 0.2(solic) for well widths of L,,=50 and 25 A.

symbols are fot,,=25 A.

higher compressive strain would lead to TE enhancement
% 10" cm™2 as the separation between B& andC2 sub-  and TM suppression of the optical gain. In Fig. 5, the peak
bands is slightly larger. Fdr,,=25 A, the primary TE peak TE gain is plotted against the radiative current density for a
remains dominant for all carrier densities plotted in Fig. 3.compressively strained |Ga,_,N/GaN QW for x=0.1
With the increase of from 0.1 to 0.2, the transparent carrier (dashegland 0.2(solid) for L,,=25 and 50 A. The transpar-
density is reduced from 1:010' to 0.9x10"cm 3 for  ent current density is about 200 A/&m
L,=50A and from 1.&10° to 1.5x10"° cm 2 for L,,
=25A.
The effect of the biaxial strain on the peak optical gain isB- The InGaN/GaN/AlGaN SCH MQW
illustrated next. In Fig. 4, the peak optical gain is plotted  |n the following analysis, the threshold performance of a
against the injected carrier density for the 50 ASCH MQW laser dioddFig. 6) is investigated. The optical
In,Ga, - xN/GaN SQW with strain accounte@olid curve$  guiding layers sandwiching the MQW are Quin thick GaN
and neglecteddashed curves The effect of the biaxial |ayers, and the cladding layers are taken to bg,@k, N.
strain on the peak optical gain is regarded as the differencghe GaN barrier layers dividing the J§Ga, N QWs are
between the corresponding curves with and without straireach 70 A thick. Two well widths of 25 and 50 A are con-
considered. It is noted that the magnitude of the strain isidered. The optical confinement factbr,is calculated from
higher or more compressive in a well with a higher In con-the electric-field profile of the TgEmode solved from Max-
tent. In general, a higher In mole fraction in the well, or awell's equations. In solving for the optical field in the MQW
structure of Fig. 6, an approximation is adopted where the
refractive index of the In,Ga, gN active layers is taken to be

4000 T ; i
L L 250A In éal N/GaN Q“', ' the same as that of GaN. It is assumed that the thin
w X -X- . . v
2 . Ing .Gay gN active layers do not significantly change the op-
2 —A— 01 strain tical guiding properties of the GaN layers. This simplifies the
g0 —e— 0.2} considered calculation since the MQW structure can be analyzed as a
.g --A--s 01 } strain
2 - LT
% [ 0.2 J neglected /A -
8 2000 el - (0001)-plane
£ [ 1 S E, E,
5 ] Bt Ga cading
= 1 s 0.1 um thick
-2 1000 | -4 prd GaNr:pti;I
81 /f::_—’ 1 [T, L, ¥ |_ guiding layer InGa, N
,_:é | ozz® ¥ well layers
[ : i

&)1 [ /‘/‘ Z (c-axis) Z}oaN lt)l;:::er

0= L S Emission 0.1 pm thick layers

00 05 10 15 20 25 30 35 GaN optical

. . 9 3 y . 150)-f . guiding layer
Carrier density (10 ¢m”) (1120)-face Alo;GagsN cladding
x E, E,

FIG. 4. Peak TE and TM optical gain as a function of the injected carrier
density for aL,,=50A compressively strained J6a _,N/GaN QW for x
=0.1 (triangle and 0.2(circle) with (solid curvg and without (dashed
curve strain taken into consideration.

FIG. 6. Schematic of the InGaN/GaN/AlGaN separate-confinement hetero-
structure(SCH) multiple quantum wel[MQW). The potential profile of the
MQW is shown in detail.
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FIG. 7. Optical confinement factal, as a function of the number of quan- FIG. 9. Threshold current density as a function of the number of wells for a
tum wells for a SCH-MQW laser structure consisting of /8a, N well SCH-MQW laser consisting of j3Gay g\ well layers(L,,=50 or 25 A), 70
layers(L,,=50 or 25 &), 70 A thick barrier layers, and 0,2m thick GaN A thick barrier layers, and 0.Lm thick GaN optical guiding layers sand-
optical guiding layers sandwiched by the,AGa, )N cladding layers. wiched by A} ;Ga N cladding layers.

three-layer slab waveguide, where GaN is the guiding layemirror loss, «,,) the lowest threshold current density of
and AlGaN is the cladding. The optical confinement factor is1.44 kA/cn? is obtained usingd.,,=25 A andn,,=3. A mir-

then computed using ror loss of 17 cm* would result from a 0.040 cm long laser

i 2 cavity with 50% reflectivity at both mirror facets. Figure 9

= 2l insigRE(EXH™) -xdz (15) also shows that the MQW with a narrower well width has
R EXH*) - Xdz lower threshold current densities for al}, from 1 to 6 and

. . aAL ) that the optimal number of QWs for better threshold perfor-
in which [ipsigReExH*)-xdz is evaluated over regions ..o will be increased with higher losses. Robeyond

where the active layers exist. The calculated optical com‘ineg0 _1 ;
- cm -, the optimal number of quantum wells should be
ment factors of the SCH-MQW lasers are plotted in Fig. 7 asgreater than 3 P g
a function of the number of wells. In Figs(a83 and 8b), the For a=90 cn %, the optimal threshold current density
modal gain,I'y, is plotted against the current density for is obtained to be 2'1 kA/cPusing n,, =4 andL,,=25 A
. w w .

L, =25 and 50 A, respectively. Homogeneous injection OfNakamuraet al® reported a threshold current density of

carriers in the various wells is assumed. In Fig. 9, the threshg o\ A /12 for a MQW withL,,= 35 A andn,,=4. The laser
old current density is plotted as a function of the number of_; v X

. ; ) . structure in Ref. 5 used adrRGa gN/INg Gy 9N MQW,
wells, n,,, in the MQW for a given absorption loss. Consid- and A cladding lavers. The mirror loss was
ering only the absorption loss;, of 43 cm %,% the lowest b oG e g ayers.

: . ; _ 46 cm %,° giving =89 cm 1. Our predicted threshold cur-
threshold current density of 1.02 kA/énis obtalneq lusmg rent density of 2.1 kA/crhis smaller than that reported in
L,=25A andn,=2. For a total lossg, of 60 cm * (of

. 1 . T Ref. 5 considering the difference i, and the ideal crystal-
which 43 cmi * is the absorption loss and 17 chhis the line quality assur%ed. Defect staltrgs in the QW of )t/he real
device would lead to nonradiative recombination and is ex-
@ L. =254 ® L, =504 pected to increase the threshold current density. A more re-
cent report by Nakamuret al# using a similar structure ob-

10 Ino:GaggN/GaNMQW 4 140 | IngGagsN/GaN MQW tained a threshold current density of 4.2 kAfcmhich gave

120f 120 ot ] closer agreement with our result, probably due to better crys-
g0} Zi0of 3 ; talline quality. It should also be noted that many-body ef-
S sl i sof - fects, lphomogeneous brquenlng due to spatial variations in
5 : QW thickness or composition, as well as the leakage current
%fﬂ 60 r 5 o0t n=1 1 due to device structure were not taken into account in this
S 0f 2wl ] work. For a more accurate modeling of GaN-based QW la-

ok b sers, such effects should be considefed.

00 500 10.00 lSIOO 20.00 25I00 3000 O0 500 lOIOO 15.00 20.00 25‘00 3000 1IV. CONCLUSION

Current density (A cm™) Current density (A cm”)

We have conducted a study on the electronic and optical

'\F/I'gwsl- ’V'Odf:" Q?i”vrg aS_at_fU”thi;J;Of t’z‘e Cﬁflfem de?Sit}c’itLO; t)hgoSACH- properties of the InGaN/GaN SQW and the InGaN/GaN/
aser structure consisting ofdsGa, g\ well layers of widthga :

and (b) 25 A, 70 A thick barrier layers, and 0.4m thick GaN optical AIG”aN, ShCF]!f l\/lQr\1/.V.hF0I’ the I,nGa:]\I/G;N ﬁQIW, a thinner

guiding layers sandwiched by the AGa, N cladding layersn,, takes val- ~ Well width offers higher TE gain. The threshold current den-

ues from 1 to 4. sity for a InGaN/GaN/AlGaN SCH-MQW was also ana-
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