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Refractive index of InGaN/GaN quantum well
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In this article, the optical properties of the, &g, _,N/GaN quantum wel[QW) are investigated.

The refractive index spectrum of a QW is essential to the design and implementation of
optoelectronic devices. Yet, the refractive index of the InGaN/GaN QW system over a wide spectral
range has been unavailable so far. This article presents a comprehensive model, which includes the
exciton effect and most of the major critical points, to calculate the complex index of refraction of
the InGaN/GaN QW at room temperature. The calculations have been performed for QW's with
various alloy compositions and well widths in the spectral range from 1 to 9 eV. The model
presented here fully considers transitions near the band edge and above barrier gap contributions.
© 1998 American Institute of Physid$0021-89788)06123-4

I. INTRODUCTION are denoted ak,; where 3=A, B, andC. A full QW cal-
o . . .. culation is employed for th&, region where the QW effect

~ As aresult of the growing interest in blue light emitting ig the most significant. A continuum state calculation is per-
diodes and laser diodes for use in full color displays and highormeq for the higher lying direct transitions in the energy
packing density data storage, Ill-V nitride based materialgegion E1z using the composite interband transition matiel.
have become an important topic of study. GaN and related ~ the contributions to the imaginary part of the dielectric
materials, such as the alloy AlGalnN, are Ill-V nitride semi-fnction e,(E) from each of these dominant transitions are
conductors suitable for light emitting within the range from -gnsidered separately. Various alloy parameters required for
0.2 to 0.636um. GaN has a direct band gap of 3.4 eV, andcg|cylation have been estimated by the interpolation between
the AlGaN and InGaN alloys demonstrate a band gap rang;.gaN and InN materials due to scarce research results re-
ing from 195 to 6.2 eV, depending on the alloy garding material parameters and dielectric functions of the
compositiont Up until now, however, very litle has been In,Ga,_,N alloy. After summing up the contributions to the
known about the optical properties of the InGaN/GaN quanimaginary part, the real part of dielectric functieq(E) is
tum well (QW) system. Since a precise understanding of theyptained by KKT.
optical properties of these materials is essential to effective  This article is organized as follows: the composite model
device operation and design, it is necessary to develop @ priefly described in Sec. Il where each energy transition is
comprehensive model which deals with the theoretical calcuggnsidered separately. In Sec. IlI, the estimation of param-
lation of the refractive index. eters is described. This is followed by Sec. IV, where results

In this work, the effects of mole fractiofx) of indium  of the calculated refractive index are presented. Finally, the
and the width of the well layer on the refractive index of the cgnclusion is in Sec. V.

In,Ga, _,N/GaN square QW are analyzed. To calculate the
rgfracuye mde?(, both the real a_nd imaginary parts of the”_ THEORETICAL MODEL
dielectric functione(E) as a function of the photon energy

E=7%w over a wide spectral range are used. All transitions,  The refractive index(E) and the extinction coefficient
including the excitonic effect, are taken into consideration ink(E) are the fundamental optical parameters related to the
describing the QW system in a spectral range between 1 armbmplex dielectric function e(E)=¢€,(E)+ie,(E), as

9 eV. The model used for our theoretical calculation is baseghown in the following formulas:

on Kramers—Kronig transformatio(KKT) and is strongly 2 21112 12

connected to the band structure of the materials. One special n(E)=<[61(E) G 61(E)) , (1a)
feature of this model is that it takes into account optical 2

responses over a wide range of photon energies. Also, the [€1(E)2+ €x(E)2]Y2— ¢, (E) | 12

optical properties described in terms of the complex optical k(E)=( > ) : (1b)

dielectric function are expressed as a function of critical
point energied. Based on the band structure of The dielectric function depends on the electronic energy-
In,Ga _,N/GaN calculated via th&- p method for wurtzite band structure of the semiconductor QW material. Summing
semiconductor$, only dominant interband transitions are up all the contributionse,(E) is

considered. The lowest direct band gap is denotdghagnd E E

the other transitions at energy regio%sphigher thﬁothﬁoof €2(w) = ;%) + & w), 2
wherewss0 denotes the contribution to the dielectric function

dElectronic mail: ehli@eee.hku.hk from the low-lying direct gap&, and 5515 denotes the con-
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tribution to the dielectric function fronk,4 regions. In the and
following, a theoretical model for the calculation of the re-

2 — a [
fractive index of the IlI-V nitride semiconductor QW is eMpq(k)_m’rUJ'pzwq% ®)
presented. respectively. For a detailed expression, please refer to
Chuang’s work?
A. E, region Derived by the density-matrix approach at the subband

This energy region corresponds to the band-edge regiofid9€ without the influence of band mixing;"{(w) is ex-
of the QW. Our calculation includes the exciton and thePressed as
bound-state effects, which are superimposed to the con- 2

e

tinuum contribution above the barrier gap energSP. is ob- €5 (w)= Mol &M 14(k)|?

tained by summing up all the above contributions, and it can 0T e

be expressed as follows: X | h16(k=0)|2Z(Egye— ), (7)
%(w)=e(w) + )+ £ M w), (3)  whereE,,is the exciton transition energy.

where o is the frequencye5  is the imaginary part of the

dielectric function contributed by the QWSlexciton derived . o
by the density-matrix approach at the subband eeffé™is 2. Continuum contribution

the imaginary part of the dielectric function contributed by g |55t step in calculating the dielectric function in the

the conduction-valence band QW bound states,egPid™ is E, region is to combine the above contributions with the
the imaginary part of the dielectric function determined bycontinuum state contributichThe lowest direct gap region
weighting the InGaN well and GaN barrier continuum’s at of the wurtzite type material is assumed to be a critical point
energies above the barrier energy in the multiple QWof the three-dimensional3D) M, type. Together with the
(MQW) structure without the QW effect. assumption that the valence and conduction bands are para-
1. QW effect bolic, the contribution of this low energy gap to the dielectric

The QW subband edge states in g region can be function, for a single layetbarrier or wel), is expressed as

calculated separately for electrons and holes by an envelope Ay 2—(1+x)Y?—(1—xo)Y?

function approximatioh using the Ben-Denial and Duke €0 w) = (E;)3" 2

model’ The imaginary part of the dielectric function contrib- 0 Xo

uted by the exciton effeat5*{w) is based on the 3 bound ZAY 1

exciton wave function determined by a perturbative- + Z ™ E—(GOIn?) —fw—iT;’ (8)

variational method&?® using the separate electron and hole "t 0 0 0

bound state ak,=0 as the trial functions. where
The imaginary part of the dielectric function contributed

by the conduction—valence band bound-state effect without

the electron—hole interactia}®""{ w) is based on the direct 0 Eo

interband transition around the absorption edge in Eye

region. eb®""{ w) is expressed as

hw+il}
=, 9)

wherel'; is the damping energy of tHg; critical point, Ag*
is the 3D exciton strength parameter, a@@D is the 3D

2 . - .
e 1 exciton binding energy. The second term of E8) repre-
b _ A 2
& "w)= comaw2L, % f &M pq(k)[*dk 472 sents the discrete series of the exciton lines atBhedge
' described by Lorentzian line shape. In the employed model,
X A Ep(K)—Eq(k) —fw], (4)  the damping constarit; (wherej=0, 1A, 1B, and IC) is

replaced by a frequency dependent expresElpn

E—Ej)2

L

where M4 is the interband momentum-matrix element for
the wurtzite material®’ k is the transverse wave vector in
the direction parallel to the QW layel; is the well width of I'{(E)=T; exp{ - a,—(
the QW and¥ is the Lorentzian broadening factor with half

width half maximuml',. The conduction bands are assumedIt was shown that by using this variable line shape, where the
parabolic; for the valence band calculation, we adopt Chuatype of broadening is determined by the ratio of parameters
ng’s model® However, instead of using the finite-difference a; andI'; (for example,a;/T';<0.1 Lorentzian andy;/T’;
scheme stated there, we use Chan’'s basis expansien0.3 for Gaussiana better agreement with the experiments
method!! A total of 30 band-edge wave functionslgt=0  can be obtainet??

are determined for the expansion in the calculation of the In the calculation of the quantum well, tR&o°°( w) is
wave function atk;#0. The momentum matrix element in calculated by weighting the barrier and the well by a ratio of
Eq. (4) for transverse electri€TE) (é=X% or 1L c axis) and the well width (L) to the barrier width I;,):

transverse magneti€TM) (é=2 or ylic axis) polarization

can be simplified to E00ony () =

(10

Eqcont Eqcont
L+L, [L2€ e (@) + Lo€ parien( @) ]-

&M (k) =( | Byl ¥g), ©) (11)
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Here, L, is taken to be 100 A for a MQW structure. Thus, TABLE I. Material parameters for-GaN and InN.
contribution of the continuum state transitions to the imagi-

E~cont . . . . . . a-GaN InN
nary parte,® " of the dielectric function is given by taking
the imaginary part of Eq(11): Bo , 3.44 ev 1.89 eV
Eocom( Eqeon Comn;lrj;:non band effective masg » oLt
€ (w)=Im(e=. 12 mi/me 0.18 01
Valence band effective mass parameters
B. E;p region A -6.56' -9.2¢
- — . A, -0.91 -0.6
The energy t'ransmons in h|gher energy regions are de- As 565 8.68
noted asE;;z. With the assumption that the quantum well 4, _2.83 —434
effect can be neglected here, only the continuum state con- As -3.13 —-4.32
tribution is considered in the calculation of the dielectric As —4.86 —6.08
function. These critical points should be of the 80 type. ~ Dielectric function
However, as the longitudinal effective mass is much larget <0 >2 84
than its transverse counterparts, these critical points can Bgee Ref. 14.
treated as 2D minimi .2 The contribution toe(E) is ex-  "See Ref. 18.
pressed as follows:
eE1n — X Bigxig IN(1-x3p) tion x is described byEy(InGa;_N)=xEq(INN)+ (1
B=AB.C —X)Eo(GaN)—bx(1—x), whereb=1.02 eV is the bowing

parametet? The binary material parameters used in the cal-

3 o 5 — culation are listed in Table I. The parameters foiGg, _,N

=1 (2n=1)% E15—[Gi4/(2n—1)7] - E~il'1y are listed in Table Il. Knowing the above parameters, the
(13  effective masses can then be determitidd. thek, direction

(ky=ky=0), M/ Mo=— (A1 +A3) Y miy/me=— (A

- B&X 1
+ 16

where 2 -
. +f\3) Lomby/me=—A;] 1;1In the kxljy plane ,=0),
E+IT1B_ mHH/mOZ_(A2+A4_AS) ; mLH/mOZ_(A2+A4
X1p=" g 14 + AL me/me=—A; ! where HH, LH, and CH denote

E
) i ) ) heavy hole, light hole, and crystal-field split-off, respec-
I'14 is the damping given by Eq10); B, 4 are the strength tively.

iy R ex 2D
parameters for thé&, ; transitions, whileB;; and Gi; are For the continuum state calculations, not only are the
the strength parameter and the binding energy of the 20y,qqe| parameter values unknown, but the experimental data
excitons at thee 4 critical points, respectively. for the complex index of refraction of ternary compound

The final €%1°"(«w) is obtained in the same way as the |, Ga_ N are also not available. Therefore, parameter val-
continuum  contribution of theE, transition—that is, by yes for the ternary alloy have been estimated by linear inter-
weighting the barrier and well regions by a ratio of well yo|ation of the values for-GaN and InN. Model parameters
WEldctpm(Lz) to barrier width (). Thus, the imaginary part for the binary nitrides have been estimated by the
621 of the continuum contribution to the dielectric func- acceptance-probability-controlled stimulated annealing
tion in the E, 4 region is given by (APCSA) algorithﬁedesigned for solving multiparameter es-

Ejcont, _ E, con timation problems? The following objective function is

' l(w)—lm(e o). (19 used for the model parameter estimation:

The imaginary part of the total dielectric functien(w)
is obtained by summing up the contributions from Eygand
Eqp regions given by Eqs4), (7), (12), and(15). The real  TABLE Il Estimated material parameters for,®a - ,N.
part of the dielectric function is obtained by performing KKT

on e;(w). InGa N
Eo 3.45-2.58+1.0%°
lll. ESTIMATION OF PARAMETERS Qc:Qu , 0.67:0.33
Conductive band effective mass
In the bound state, exciton and continuum state calcula- m?mo 0.2-0.0%
tions, a set of material parameter values is required. As for rlne/mob 4 effect t 0.18-0.08
the bound state and exciton calculations, this includes parami<*"< P21 SIECVE Mass patamerters -

. . . 1 . .
eters such as Luttmger—llk.e valence—banq effective mass pa- p, —0.91+0.31x
rametersA;’s and conduction-band effective mass for elec- A, 5.65+ 3.0%
trons and static dielectric constants. As there are no dataAs —2.83-1.5K
available for the ternary iGa _,N material parameters, the As —3.13-1.1x

Ag —4.86-1.2%

linear interpolation scheme, i.eB(In,Ga _,N)=xP(InN) Dielectric function
+(1-x)P(GaN), is used for all the parameters except the () 5.2+ 3.
band gap. The band gap dependence on the alloy composi
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TABLE lll. Estimated model parameters farGaN and InN. 3.0
w-GaN InN o exp. data
€1 0.426 1.314
A, (eVH5) 41.251 12.256
Iy (eV) 0.287 0.037
@ 1.241 5.345
E; (eV) 3.550 2.247
Bia (V) 0.778 0.361
Big (eV) 0.103 1.074
Bic (eV) 0.920 0.007
s (eV) 0.743 0.052
' (eV) 0.428 0.012
I'ic (eVv) 0.440 2.698
@i 0.240 5.161
aig 0.011 0.574
ajc 0.005 1.108
BSk (eV) 2.042 1.243
B?E (eV) 1.024 0.471 T T T T T T T T
BSX (eV) 1.997 5.528 2 8 4 5 6 7 8 9 10
Gia (V) 0.0003 1.198 hv [eV]
Gip (V) 0.356 0.521
Gic (eV) 1.962 4.801 ) )
Ein (€V) 6.010 6.400 FIG. 2_. Cpmparlson beMegn exper_m_ﬁental data and calculat‘ed result for
Eys (eV) 8.182 8.230 refrac_t|ve index and extinction coefficient qf IpN. _The open circles show
Ei V) 8.762 7308 experimental data from Ref. 14 and the solid line is our calculated result.
AZ (eV) 0.249 0.001
G3P (ev) 0.030 0.020

n(wi)_nEXpt(wi)‘

k(wi) — k()] |2

o

(16)

Measurements of the optical spectranaiindk for GaN
and InN have been reportéd’ and those data have been
employed for the model parameter estimation for continuum
contributions to the dielectric function. The comparisons be-
tween the experimental data and our calculations for GaN
and InN are presented in Figs. 1 and 2, respectively. Results
show that there is good agreement between the experimental

where n(w;) and k(w;) are the calculated values, and data and our calculations.
n®P(w;) as well ask®P{w,) are the experimental values of
the real and imaginary parts of the index of refraction, redV. RESULTS

spectively, at frequency;. The optimal values obtained
here for the model parameters are listed in Table III.

The refractive index spectra of the InGaN/GaN MQW
with the well width equal to 60 and 100 A and the In content
equal to 0.1, 0.2, and 0.3 are now readily determined at room
temperature according to the model developed and param-

30- eters listed in Tables I-I1ll. The calculated numerical results
' - of exciton binding energy and the bound-state transition en-
n ergies are listed in Table IV. The theoretical results of the
2.5 room temperature refractive index for the In content
0022 =0.1, 0.2 and 0.3 in the energy range from 1 to 9 eV with
20- well width L,=60A and structures with well width
X~ L,=100 A are presented in Figs. 3 and 4, respectively. In the
c calculated refractive index spectrum, peaks corresponding to
157 o exp. data
model . -
TABLE IV. Calculated result of exciton binding energy and the bound state
1.0 transition energy.
X= 0.1 0.2 0.3
054 L,=60 A
k
Exciton binding energy 84 meV 79 meV 72 meV
0.0 posegosef————T T T T I Bound state transition enerdiiH) 2.9089 eV 2.3860 eV 1.8484 eV
1T 2 3 4 5 6 7 8 9 Bound state transition energyH) 2.9190 eV 2.3958 eV 1.8580 eV
hv [eV] L,=100 A

Exciton binding energy 64 meV 60 meV 55 meV

FIG. 1. Comparison between experimental data and calculated result for Bound state transition enerdiiH) 2.8898 eV 2.3619 eV 1.8212 eV

refractive index and extinction coefficient afGaN. The open circles show
experimental data from Ref. 2 and the solid line is our calculated result.

Bound state transition enerdgiH) 2.8999 eV 2.3717 eV 1.8307 eV
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3.0 286

254 A e

2.4

2.3

Refractive index
Refractive index

I N

2.1 LZ=601&

2.0

03 04 05 06 07 08 09
Photon energy (eV) wavelength (um)

FIG. 3. TE polarization refractive index spectra of®s _,N/GaN MQW FIG. 5. TE polarization refractive index spectra of@&s _,N/GaN MQW
with L,=60 A for x=0.1, 0.2, and 0.3. with L,=60A for x=0.1, 0.2 and 0.3 over the spectral range of
0.3—-1.0um.

contributions from different bound-state transitions can be
clearly observed in the energy region between the excitoP(' CONCLUSION
peak and the barrier band edge. The high amplitude exciton |, this work, the dependence of the refractive index of
pgak is due to the heavy hole exciton. For the QW structurgy,o InGa, _ N/GaN MQW structure on well width and com-
with L,=60 A, and In content 0.1QW barrier band gap of osition has been studied. The theoretical model presented
~3.20 eV), this peak is located at 2.825 eV. It should beherg is a simple one and yet it is expected to be accurate. It
followed by a light hole exciton peak at a slightly higher epioys  semianalytical and semiempirical calculation
photon energy. Since the two peaks are very close 0 €adyhemes for the refractive index over a wide spectral range
other and the light hole peak has a smaller amplitude, theyom 1 1o 9 eV. This model takes into account the continuum
cannot be distinguished from the spectra shown. state contribution and the QW effect including excitons in
The calculated refractive index spectra determined fofne srycture. Since the optical properties of the QW system
the In contenx=0.1, 0.2 and 0.3 are plotted in the wave- j,estigated here have—to our knowledge—not been fully
length range of interest0.3-1.0um) in Figs. 5 and 6 for  g¢,gjed, there are no reliable experimental data against which
LZ:,E?OA andL,=100 A, respectively. The exciton peak oy theoretical results can be checked. Our results indicate
positions of the spectra are located at 0.438(x=0.1),  he expected general trend of the refractive index, and the
0.537um(x=0.2) and 0.69&m(x=0.3) for a structure \ye||.defined peaks obtained in the spectra show the quantum
with well width L,=60A, and they are at 0.440m(X  confinement at the band edge of the QW structure. With
=0.1), 0.53%um(x=0.2) and 0.70m(x=0.3) for a jncreasing In content, the absorption edge shifts to lower
structure with well WIdthLZ=.]..00 A. Following the exciton photon energy and the magnitude of the exciton in the re-
peak, the bound-state transition peaks can be observed. W'ﬁhctive index spectra peaks decreases. The results we have
the increase of In content, the band gap of the QW structurgpained are reasonable and should be able to serve as a
decreases. Consequently, the absorption edge shifts to longg¥erence for the design of photonic devices using this mate-

wavelengths. It can also be observed that magnitudes of the, system. The model presented can also be applied to QW
peaks decrease with increasing In content, while the refracsyyctures of other 1ll=V nitride materials.

tive index value in the transparent region increases.

Refractive index
N
w

Refractive index

1L,=1004

2.0

03 04 05 06 07 08 09
wavelength (um)

Photon energy (eV)

FIG. 6. TE polarization refractive index spectra of@s _,N/GaN MQW
FIG. 4. TE polarization refractive index spectra of®a _,N/GaN MQW with L,=100A for x=0.1, 0.2 and 0.3 over the spectral range of
with L,=100 A forx=0.1, 0.2, and 0.3. 0.3-1.0pm.
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