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An expression suitable to estimate the refractive index of Ga1−xlnxNyAs1−y with 0 ≤ x ≤ 0.4 and0 ≤ y ≤ 0.04 for band gap energies
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1. Introduction

Dilute nitride alloys have attracted considerable interest in
recent years because their potential for optoelectronic device
applications. Particularly, GaInNAs/GaAs laser diodes (LDs)
are one of the strongest candidates as alternative to GaIn-
PAs/InP devices commonly used in telecommunication sys-
tems at 1.3-1.5µm. However, while GaInNAs/GaAs LDs at
1.3µm with low threshold currents and high values of char-
acteristic temperature (T0), have been obtained by several
groups [1-3], there are still serious problems to experimen-
tally achieve optical emission at 1.55µm.

Results indicate that to make real the full potential of di-
lute nitride LDs a further optimization of the structures is
needed. For this purpose an accurate knowledge of materi-
als parameters such as the refractive index is required. An
exact knowledge of the refractive index is needed to properly
design the laser waveguide.

While for Ga1−xlnxAs, experimental data and expres-
sions for the refractive index have been published [4-7],
GaAs1−xNx and Ga1−xlnxNyAs1−y have been less studied.

Due the lack of accurate data for Ga1−xlnxNyAs1−y, val-
ues of the refractive index between 3.6 and 3.8 have been
used in simulation of lasers structures emitting at lasing
wavelength of 1.3µm [8,9], but there are some inconsisten-
cies in the published data.

For example Miloszewskiet al [10] in simulation of
MQW Ga0.62In0.38NyAs1−y laser structures used values of
the refractive index of: 3.725, 3.722 and 3.712 (y = 0.1, 0.5,
1.8), in contradiction with the experimental observation that
the refractive index of Ga1−xlnxNyAs1−y increases in pro-
portion to the nitrogen content, as in others III-V alloys.

Report by Kitataniet al [11], give Ga1−xlnxNyAs1−y

refractive index data for samples withx = 33% and nitro-
gen compositions of 0.5% and 0.6%, obtained from spec-
troscopy ellipsometry (SE) in the wavelength range from

1.15 to 1.50µm. Their results shown that the refractive in-
dex increases as N concentration increases, according to the
trend observed in conventional III-V semiconductor alloys in
which a decrease in the band gap energy is accompanied by
the increase of the refractive index.

Leibiger et al [12] reported the refractive index of
Ga1−xlnxNyAs1−y in the wavelength range from 0.95 to
1.65µm for five combinations of indium and nitrogen con-
centrations. Jinet al [13] reported values of the refractive
index between 3.6 and 3.8 for a 1.3µm Ga1−xlnxNyAs1−y

MQW Fabry-Perot laser. The modal refractive index was
obtained by measuring the longitudinal mode separation be-
tween two adjacent modes from the laser emission spec-
tra. On the other hand Liet al [14] studied the refrac-
tive indices of Ga1−xlnxNyAs1−y in the wavelength range
400 < λ < 700 nm, which is below the range of interest for
practical telecom lasers.

Since the indium mole fraction used in the
Ga1−xlnxNyAs1−y active layers of lasers diode is around
of 0.36%, it is important to accurately know the refractive
index for samples with this composition. MacKenzieet al,
measured the amplified spontaneous emission spectra for
a Ga0.613In0.387N0.012As0.988 QW edge emitting laser and
extracted a refractive index value of 3.75 [15].

In this work, we carefully evaluates the available refrac-
tive index data and propose an expression suitable to esti-
mate the refractive index of Ga1−xlnxNyAs1−y alloys for the
nitrogen composition and wavelengths range of interest, in-
cluding the cases of Ga1−xlnxAs, GaAs1−xNx alloys.

2. Refractive index of Ga1−xlnxAs

Takagi [4] measured the refractive index of Ga1−xlnxAs lay-
ers with indium compositions from 0 to 0.5, at photon ener-
gies of 0.5, 0.6, 0.9 and 1.2 eV. He obtained the composition
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FIGURE 1. Dependence of refractive index of Ga1−xlnxAs: a) with indium composition at photon energies 0.6 and 0.9 eV; b) with photon
energies for Ga0.67In0.33As. In both cases solid curves correspond to the fitting obtained in this work with expressions (1) and (6).

dependence of the refractive index by fitting his data to the
expression proposed by Wemple and DiDomenico [16]:

n2 − 1 =
E0Ed

E2
0 − (hν)2

(1)

wherehν is the photon energy andE0 andEd the two fit-
ting parameters. According to this model,E0 is the energy
of the single-effective-oscillator in the intrinsic absorption re-
gion where the imaginary part of the complex dielectric con-
stant reaches a maximum, andEd is the dispersion energy,
related to the strength of interband optical transitions.

Takagi reported the following dependencies of parame-
tersE0 andEd on the indium compositionx:

E0 = 3065− 2.15x
Ed = 3601− 19.9x

}
(2)

Takagi also compared his data to the expression proposed
by Afromowitz [17], which results from a modification to the
Wemple and DiDomenico single-oscillator, model and ac-
cording to which the refractive index can be estimated by:

n2 − 1 =
Ed

E0
+

Ed

E0
(hν)2

+
η

π
(hν)4 ln

[
2E2
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E2
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(3)

where

η =
πEd

2E3
0(E2

0 − E2
g)

(4)

and Eg is the Ga1−xlnxAs band gap energy gap given by [4]:

Eg = 1.425− 1.337x + 0.270x2 (5)

Takagi concluded that, while for photon energies below
the band gap the refractive index is good represented by both,

expressions (1) and (3), the last one is a better approximation
for photon energies near the band gap.

In this work we use the more recent Kitataniet al
data [11] for a Ga0.67In0.33As layer, to improve the expres-
sions for parametersE0 andEd obtained by Takagi. Best fit
was obtained by using second order polynomial expressions:

E0 = 3.65− 2.812xx1.16x2

Ed = 36.1− 25.953x + 9.436x2

}
(6)

Figure 1a) shows the refractive index as a function of
the indium content of Ga1−xlnxAs layers for two values of
photon energies, 0.6 and 0.9 eV. Solid lines are the refrac-
tive indices obtained using the new fitting parameters given
in (6). For comparison, calculated refractive indices with ex-
pressions (1) and (3) using Takagi’s original expressions (2)
for parametersE0 andEd are also plotted. Triangles and cir-
cles are the experimental data given by Takagi.

Figure 1b) shows the refractive index evaluated accord-
ing expression 1 for a fixed value of indium composition
x = 0.33 at the photon energy range from 0.827 to 1.078 eV
and using our fitting parametersE0 andEd. In this case the
data reported by Kitatani [11] is also depicted.

From both figures we can conclude that the modified de-
pendencies for parametersE0 andEd proposed in this work
describe in a better way the experimental reported data for
Ga1−xlnxAs.

3. Refractive index of GaAs1−xNx

Leibiger et al [18] measured the refractive index of
GaAs1−xNx (nitrogen content:x = 0%, 0.1%, 0.32%, 0.6%,
1.65%, 3.7%) by spectroscopic ellipsometry for photon en-
ergies from 0.75 to 1.5 eV (0.28 < λ < 1.65 µm), and
used Adachi’s composite Model Dielectric Function (MDF)
[19,20] to analyze the data, obtaining a very good agreement
between experiment and model.
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Critical points (CPs) are known to play an important role
in the dielectric function (DF) and according Adachi’s model,
the contribution of the critical points:E0 andE0 + ∆0 to the
optical functionsε = ε1 + ε2 andN =

√
ε = n + ik are

given by the following terms [19]:

εAdachi
j (E) = AjE

−1.5
j

× (
χ−2

j [2−√
1 + χj −

√
1− χj ]

)
(7)

whereχj = (Ej + iΓj)/Ej j= “0”, “ ∆0” for E0 and
E0 + ∆0, respectively).Aj , Ej , andΓj are, amplitude, tran-
sition energy, and broadening parameter of each CP structure
respectively [19].

The dielectric function is then composed of the following
terms:

ε(E) = εAdachi
0 (e)εAdachi

∆0
(E) + c + dE2 + fE4 (8)

wherec+dE2 +fE4 accounts for contributions from higher
energy CP structures to the real part of dielectric func-
tion [19].

In this way and taking constant values for the spin-orbit
splitting: ∆0 = 350 meV, and ratios:A∆0/A0 = 0.28 and
Γ∆0/Γ0 = 2 Leibiger et al obtained the best-fit MDF pa-
rameters:A0, E0, Γ0, c, d and f needed to calculate the
GaAs1−xNx dielectric function spectraε(E) at photon ener-
gies from 0.75 to 1.5 eV for the six nitrogen compositions
studied.

We took the parameters reported by Leibiger for each one
of the six nitrogen compositions studied, and refitted to a
second-order polynomial expression:p(x) = C0 + C1x +
C2x

2. In this way is possible to obtain the refractive index
for GaAs1−xNx layers with nitrogen compositions over the
range 0%< x < 3.7%. The fitting coefficients obtained for
each parameter are listed in Table I.

For a rough estimate of the accuracy of our amendment,
we use the error function:

Error = 1−
∑

(fit(x)− νy)2∑
(νy −mean(νy))2

(9)

TABLE I. Best fit MDF coefficients for refractive index of
GaAs1−xNx (0% < x < 3.7%) obtained in this work using the
expression:p(x) = C0 + C1x + C2x

2.

Parameter
Coefficients

Error
C0 C1 C2

E0 (eV) 1.395 -20.975 304.629 0.995

A0 (eV)1.5 4.308 -156.149 2991 0.908

Γ0 (meV) 4.927 2801 -5390 0.983

E∆0 (eV) 1.745 -20.975 304.629 0.995

A∆0 (eV)1.5 1.205 -43.218 826.655 0.903

Γ∆0 (meV) 9.855 5603 -10780 0.983

c 10.057 27.209 -561.038 0.869

d (eV)−2 0.561 -10.261 407.96 0.999

f (eV)−4 0.081 9.967 -291.762 0.977

wherex andνy denote the indium content and the reported
value of the parameter respectively. Results are included in
Table I, showing small deviations from the values reported by
Leibiger [18].

4. Refractive index of Ga1−xlnxNyAs1−y

Leibiger et al in Ref. 12 studied the optical properties of
Ga1−xlnxNyAs1−y samples with the indium and nitrogen
concentrations listed in Table II.

Applying the model dielectric function, with a constant
spin-orbit value∆0 = 286 meV, and ratios:A∆0/A0 = 0.8,
Γ∆0/Γ0 = 4.1 Lebigeret al obtained the fitting parameters:
A0, E0, Γ0, c, d andf , for each one of the five samples stud-
ied at photon energies ranging from 0.75 to 1.3 eV (wave-
length range from 0.95 to 1.65µm).

We took these parameters for Ga1−xlnxNyAs1−y and
those reported in Ref. 18 for GaAs1−xNx and fitted to a sec-
ond order surface expression with two variables:

s(x, y) = C0 + C1x + C2y + C3xy + C4x
2 + C5y

2 (10)

The best-fit coefficients obtained in this way are given in Ta-
ble III. In Fig. 2 a) -e) a comparison between the refractive
index of the Ga1−xlnxNyAs1−y calculated by using the mod-
ified expressions for the MDF fitting parameters proposed in
this work (Table III) and with the parameters reported by
Leibiger et al [12] is shown for photon energies from 0.75
to 1.3 eV.

Solid lines stand for the refractive index calculated using
a second order surface expression (10) to fit the MDF param-
eters, and dashed lines+symbol correspond to a calculation
with the parameters reported by Leibigeret al in [12]. As can
be seen the modified MDF parameters proposed in this work
and parameters given by Leibiger are in excellent agreement
with each other. Note that the dashed and dotted lines are
visually almost indistinguishable below 1.1 eV.

To further extend the validity of our approximation we
used expression 10 and coefficients given in Table III to cal-
culate the refractive index of Ga1−xlnxAs and GaAs1−xNx

alloys considering zero the nitrogen or indium content in each
case. In Fig. 2 f) a comparison between results obtained in
this way for two values of indium composition (solid lines)
and those obtained by means of the Eqs. (1) and (6) (dashed
lines+ symbol) are presented showing a very good agreement
between the two approaches.

TABLE II. Indium (x) and nitrogen (y) compositions of the
Ga1−xlnxNyAs1−y layers studied in Ref. 12

x 0.09 0.11 0.11 0.12 0.09

y 0.013 0.019 0.022 0.024 0.029
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FIGURE 2. a) - e) Comparison of the refractive indices for Ga1−xlnxNyAs1−y calculated using the MDF fitting parameters proposed in this
work (solid lines) and parameters given by Leibiger in reference 12 (dashed lines+ symbol). f) Calculated refractive index for Ga1−xlnxAs
with two different indium compositions compared with the result obtained by means of the Eqs. (1) and (6).
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FIGURE 3. Dependence of refractive index with photon energy for GaAs1−xNy layers calculated using the second order surface expression
to fit the MDF parameters (solid lines) and with the MDF parameters reported in Ref. 18 (dashed lines+ symbol).
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TABLE III. Best fit MDF coefficients for refractive index of Ga1−xlnxNyAs1−y obtained in this work using a second order surface expres-
sion (10).

Parameter
Coefficients

Error
C0 C1 C2 C3 C4 C5

E0 (eV) 1.394 -1.029 -20.891 -37.115 18.239 302.498 0.997

A0 (eV)1.5 4.296 -18.429 -153.083 211.353 190.604 2914 0.896

Γ0 (meV) 5.015 -391.341 2780 4006 272.683 -53368 0.981

E∆0 (eV) 1.744 -2.278 -20.88 -37.396 24.303 302.214 0.998

A∆0 (eV)1.5 1.198 16.615 -41.499 11.985 1.76 783.518 0.99

Γ∆0 (meV) 10.126 -512.017 5537 28301 -4271 -106209 0.972

c 10.061 1.469 26.201 -84.403 -23.379 -534.824 0.848

d (eV)−2 0.561 6.103 -10.175 -140.308 -40.799 404.948 0.978

f (eV)−4 0.081 -1.513 10.057 27.413 10.852 -293.929 0.984

TABLE IV. Best-fit parameters to Eq. (11) for Ga0.67In0.33NyAs1−y layers.

Parameter
Samples

Ga0.67In0.33As Ga0.67In0.33N0.005As0.995 Ga0.67In0.33N0.0066As0.9934

a 7.669 3.286 3.520

b 3.333 8.342 8.508

c[µm] 0.701 0.499 0.499

In Fig. 3 we compare the refractive index calculated
for GaAs1−xNx layers with different nitrogen contents: 0%,
0.1%, 0.32%, 0.6%, 1.65% and 3.7%, using the modified
expressions for the MDF fitting parameters proposed in this
work (solid lines) with the parameters reported by Leibigeret
al [18] (dashed lines+ symbol); the photon energy was varied
from 0.75 to 1.5 eV.

From Figs. 2 and 3 we can conclude that the modified
expressions to fit the MDF parameters proposed in present
work (Eq. 10 and Table III), allows to calculate with a good
accuracy, the refractive indices of Ga0.62In0.38NyAs1−y al-
loys (x ≤ 0.12 andy ≤ 0.04) in the photon energy range
from 0.75 to 1.3 eV (wavelengths from 0.95 to 1.65µm).

5. Refractive index of Ga0.67In 0.33NyAs1−y

Note that the expression obtained in previous section in not
valid for the indium content commonly used in the active re-
gion of Ga1−xlnxNyAs1−y laser diodes which as previously
said is around of 0.36%. In order to include this composi-
tion, we took the refractive index data reported by Kitataniet
al [11] for Ga0.67In0.33NyAs1−y samples with nitrogen com-
positions:y = 0, 0.005 and 0.0066 measured in the photon
energy range of 0.8 to 1.07 eV (wavelengths from 1.15 to
1.50µm). While in Sec. 2 we only used the data fory = 0,
here we fitted the data reported for the three values of nitro-
gen compositions to the well known Sellmeier equation:

n(y, λ) =

√
a +

bλ2

λ2 − c2
(11)

wherea, b andc are fitting parameters andλ is in µm. Values
of the fitting parameters obtained are listed in Table IV.

To extend this approximation for the whole nitrogen com-
positions of interest,0 ≤ y ≤ 0.0066 we fitted the data to
the Sellmeier equation. The best fits fora(y), b(y) andc(y)
were found by using second order polynomial expressions:
p(y) = C0 + C1y + C2y

2. In Table V the values of the
coefficients obtained for each parameter are listed.

The refractive indices resulting from plotting Eq. 11 with
the parameters given in Table V are shown in Fig. 4. The
solid lines + symbols correspond to the experimental data of
Kitatani [11] for compositions:y = 0.00, 0.005, and 0.0066.
Dotted lines are refractive indices obtained by Sellmeier
equation for these compositions and solid lines correspond to
other values of nitrogen composition.

TABLE V. Values of the coefficients in the polynomial expression:
p(y) = C0 + C1y + C2y

2 to fit parametersa(y), b(y) andc(y) in
Sellmeier equation.

Parameter
Coefficient

C0 C1 C2

a 7.669 -1651.486 154977.273

b 3.333 1682.141 -136068.182

c[µm] 0.701 -71.006 6121.212
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TABLE VI. Coefficients to fit the parameters of the Sellmeier equation to a second order surface expression for Ga1−xlnxNyAs1−y

(0 ≤ x ≤ 0.4 and0 ≤ y ≤ 0.04).

Parameter
Coefficients

Error
C0 C1 C2 C3 C4 C5

A 6.393 10.002 219.165 -77.359 -55.502 -4181 1

B 4.594 -13.117 -224.028 375.269 66.045 4339 0.99

C(µm) 0.466 0.264 10.07 -18.741 -1.773 -234.546 0.942

FIGURA 4. A comparison of refractive index of
Ga0.67In0.33NyAs1−y evaluated for six nitrogen compositions us-
ing the Sellmeier equation with coefficients obtained in this work
(dotted and solid lines) and experimental curves reported by Ki-
tatani [11] (solid lines + symbol).

From Fig. 4 we can conclude that our approximation de-
scribe in a better way the experimental data reported by Ki-
tatani et al, and can be used to calculate the refractive in-
dex of Ga0.67In0.33NyAs1−y layers up toy = 0.0066 in the
photon-energy range between 0.8 and 1.07 eV (wavelengths
from 1.15 to 1.50µm).

6. Refractive index for Ga1−xlnxNyAs1−y

(0 ≤ x ≤ 0.4 and 0 ≤ y ≤ 0.04) for photon
energies from 0.8 to 1.1 eV

In order to estimate, through a simple formula, the refractive
index of Ga0.62In0.38NyAs1−y for compositions0 ≤ x ≤ 0.4
and0 ≤ y ≤ 0.04, resulting in the emission wavelengths
of interest (1.3 and 1.55µm) for lasers diode, we used the
Sellmeier equation. In this case we estimated the refrac-
tive of Ga1−xlnxNyAs1−y by shifting the refractive index
of GaAs according to the difference in band-gap energy be-
tween the solid solution and GaAs as proposed by Bergman
and Casey [21]:

n(x, y, E) = ηGaAs(E − [Eg(xy)− Eg(GaAs)]) (12)

where Eg(x, y) is the band gap energy of the
Ga1−xlnxNyAs1−y alloy.

Assuming this approximation the refractive index can be
obtained by means of the Sellmeier equation rewritten in the
following form [7]:

n(x, y, λ) =

√√√√A +
B

1−
(
c

EgGaAs
λEgGaInNAs

)2 (13)

The band gap energy of Ga1−xlnxNyAs1−y was calcu-
lated according to the band anticrossing model (BAC) [22]
that predicts a splitting of the conduction band into two sub-
bandsE− andE+:

E± = 0.5{EN + EM

± [(EN − EM )2 + 4yV 2
MN ]0.5} (14)

WhereEN andEM are the energies of the Ga1−xlnxAs, ma-
trix conduction band edge and of the nitrogen level relative
to the top of the valence band, respectively, andVMN is the
matrix element describing the interaction between those two
states.

For EN , VMN and the band gap energy of Ga1−xlnxAs
we adopted the expressions reported in reference 23:

Eg(Ga1−xlnxAs) = 0.417x

+ 1.42(1− x)− 0.477x(1− x) (15)

EN (x) = 1.65(1− x) + 1.44x− 0.38x(1− x) (16)

VMN (x) = 2.7(1− x) + 2.0x− 3.5x(1− x) (17)

The fitting parameters A, B and C in Eq. 13 were fitted
to a second order surface Eq. (10) starting from the expres-
sions previous studied. In Table VI the fitting coefficients are
listed.

In Fig. 5 refractive indices obtained with Sellmeier ex-
pression (13) and fitting parameters from Table VI are com-
pared whit those obtained by using the MDF approach, and
results from expression (1) using our fitting coefficients (6).
Results are also compared to the experimental of Kitataniet
al [11] for Ga0.67In0.33NyAs1−y. In Table VII the maximum
difference obtained between refractive index calculated by
expression 13 and those obtained by the other models and
experimental values is presented.
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FIGURE 5. Comparison of refractive indices calculated by Eq. 13 and parameters from Table VI with others models by different composi-
tions.
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TABLE VII. Maximum difference between refractive index of
Ga1−xlnxNyAs1−y calculated by expression 13 and those obtained
by the other models.

Cases x y Equation Error

A 0 0 MDF 0.022

B 0 0.001 MDF 0.021

C 0 0.0032 MDF 0.02

D 0 0.006 MDF 0.019

E 0 0.0165 MDF 0.008

F 0 0.037 MDF 0.016

G 0.09 0.013 MDF 0.004

H 0.09 0.029 MDF 0.062

I 0.11 0.019 MDF 0.045

J 0.11 0.022 MDF 0.055

K 0.12 0.024 MDF 0.084

L 0 0 Eq. 1&6 0.009

M 0.01 0 Eq. 1&6 0.005

N 0.05 0 Eq. 1&6 0.014

O 0.1 0 Eq. 1&6 0.007

P 0.15 0 Eq. 1&6 0.069

Q 0.2 0 Eq. 1&6 0.181

R 0.33 0 Eq. 11 0.027

S 0.33 0.005 Eq. 11 0.023

T 0.33 0.0066 Eq. 11 0.031

From both Fig. 5 and Table VII is possible to see that not
in all cases a good agreement was obtained and this is mainly
due to the reduced data available to develop the fitting. From
these results we can concluded that the Eq. 13 and coeffi-
cients given in Table VI can be used as a first approximation
to estimate the refractive index of Ga1−xlnxNyAs1−y with
and for band gap energies from 0.8 to 1.1eV.

7. Conclusions

In conclusion, we have compiled the refractive in-
dex data available for Ga1−xlnxAs, GaAs1−xNx and
Ga1−xlnxNyAs1−y alloys and proposed an expression suit-
able to estimate the refractive index of Ga1−xlnxNyAs1−y

with 0 ≤ x ≤ 0.4 and0 ≤ y ≤ 0.04 for band gap ener-
gies from 0.8 to 1.1eV. The current lack of data reduces the
accuracy of our calculation. In case of Ga1−xlnxAs, the new
fitting parameters proposed (6) shows a better agreement with
experimental data than previously reported expressions.
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