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ABSTRACT

ByGa_nP and ByGa_yAs,P(_y) alloys are of potential interest in III-V heterostructures for integration with silicon. Waveguide
design utilizing these alloys requires an understanding of the refractive index properties and their variation with composition. Refractive
index dispersion was measured and modeled in the wavelength range of 827-2254 nm using spectroscopic ellipsometry at room tempera-
ture for samples with boron and arsenic fractions from 0% to 6.6% and 0% to 17%, respectively. The refractive index was found to
increase with increasing boron composition as a result of strain due to lattice constant mismatch with the silicon substrate. For the
arsenic-containing alloy, the refractive index was found to increase independently of strain. An empirical model based on the composi-
tion dependent variation of Cauchy dispersion function coefficients was developed for BGaAsP alloys lattice matched to silicon at the
growth temperature. This model can be used to calculate the wavelength dependent refractive index of lattice matched boron and arsenic
combinations for applications in semiconductor waveguides, an example of which is proposed. The results of this study are of interest
more broadly for other III-V on silicon applications including photovoltaics and more generally in terms of the ellipsometric investiga-
tions of thin films on non-native substrates.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0081069

1. INTRODUCTION

Silicon photonic device research and development continues
to be motivated by growth in data and telecoms traffic, the need to
reduce power consumption in data centers and opportunities for
low cost, high density, large scale commercial manufacture by the
established complementary metal oxide semiconductor (CMOS)
industry. Integration of photonics and conventional electronics
provides a range of benefits including smaller physical size, higher
speed, and lower power consumption.

stable on-chip silicon-based laser operating above room tempera-
ture (RT) and compatible with existing CMOS processing proce- ¢
dures and infrastructure.”’

Silicon is an indirect bandgap semiconductor and conse-
quently poor for light emission. While approaches to develop an
all-silicon laser continue to be investigated, they are currently tech-
nically complex and less suitable for low cost, high volume, and
high consistency mass production. On the other hand, direct
bandgap III-V materials have been studied and optimized as gain
media for decades resulting in the establishment of efficient lasers
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Important building blocks for photonic integration including
multiplexers, high-speed modulators, low-loss waveguides, and
photodetectors are now available' and optical interconnect solu-
tions are being used in data centers. However, a key requirement
for ongoing implementation is an electrically pumped, temperature

using a range of materials, e.g.,, indium phosphide and gallium
arsenide based alloys, and integration of III-V semiconductors on a
silicon substrate is currently the most practical way of achieving
on-chip light sources for silicon photonics. The two main integra-
tion approaches are wafer bonding-based heterogeneous integration
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of a III-V epitaxial layer on silicon circuits and direct monolithic
epitaxial growth. The large number of lasers required for applica-
tions such as on-chip interconnects economically favor a mono-
lithic integration approach.

However, there are a number of technical difficulties associ-
ated with the monolithic integration of III-Vs onto silicon:

« Lattice constant mismatch between III-V materials and silicon—
leading to threading dislocations.

o Thermal expansion coefficient mismatch—leading to micro-
thermal cracks.

« Polar/non-polar interfaces—leading to the formation of anti-
phase domains (APDs).*

All of these impact device performance and lifetime. These
issues and the stringent requirements of CMOS compatibility (e.g.,
processing temperature <450 °C) make the realization of monolithic
solutions challenging. The materials adopted by the telecommuni-
cations industry based on GaAs and InP, which may be readily
exploited through hybrid integration, cannot be directly heteroepi-
taxially deposited on silicon without the development of crystal
defects and the possibility of macroscopic cracking.

The lattice constant of silicon (5.4311 A at 299 K°) is smaller
than that of GaP (5.4505 A at 300 K°) which is the smallest of the
natural zincblende III-V alloys. A GaP nucleation layer free from
dislocations, stacking faults, twins, and antiphase disorder can be
grown on a silicon homoepitaxial buffer by metal organic vapor
phase epitaxy (MOVPE)"® to form a GaP/Si virtual substrate.
Unfortunately, GaP is also an indirect semiconductor and unsuit-
able as a laser gain medium itself; however, the addition of arsenic
to form GaAsP produces a direct bandgap material although this
increases the lattice constant mismatch to silicon. By alloying GaP
with a small fraction of nitrogen (<10%) and a large fraction of
arsenic (>70%) the dilute nitride quaternary GaNAsP is formed
which has a direct bandgap and closely matches the lattice constant
of GaP and silicon’ thus avoiding the formation of misfit and
threading dislocations.

Electrically injected GaNAsP quantum well (QW) lasers operat-
ing at 981nm have been realized on GaP substrates at room
temperature'’™'* with a threshold current density (J;;) of 4.0 kA cm™>
and characteristic temperature (Ty) of 58 K (220-295 K). Lasing oper-
ation has also been achieved up to 165K at 860 nm on a GaP/Si
substrate'*™"” with a J,, of 1.6 kA cm™ and a T}, of 73 K (100-165 K).
These threshold current densities are significantly higher than more
established GaAs-based lasers which operate at similar wavelengths
with J,/QW ~ 100-200 A cm ™2, Improvements in laser device char-
acteristics are expected to be achieved through a combination of opti-
mization of the growth conditions for the barrier and SCH materials
and the improvement of the electrical and optical confinement.

In the ongoing development of these lasers, p- or n-doped
BGaP is used for cladding and BGaAsP for the separate confinement
heterostructure (SCH) layers. The relatively thick layers also provide
strain compensation for the compressively strained QW material.
Figure 1 shows a schematic representation of a GaNAsP QW laser
structure, which provides the context for our investigation.

In order to limit the formation of threading dislocations, the
device layers need to be lattice matched to the silicon substrate at
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FIG. 1. Schematic representation of a GaNAsP QW laser device showing
substrate, cladding, SCH, and barrier layers.

the growth temperature. Lattice matching of BGaP to silicon is
achieved at ~3% boron at a growth temperature of 575 °C, while
for the BGaAsP SCH layers, lattice matching is maintained by off-
setting an increased boron fraction by the addition of arsenic. An
important consideration in this work is that when cooled to RT
these III-V layers become tensile strained relative to the substrate.
Figure 2 shows how the relaxed lattice constant of the BGa
(As)P alloy at RT varies as a function of boron and arsenic fraction
with respect to the silicon substrate. This illustrates how adding
boron to GaP can reduce its lattice constant to match that of
silicon and that at RT, B3yGag;,P deposited on silicon would be
under tensile strain as its relaxed lattice constant is less than that of

silicon. The figure also shows that the addition of arsenic can be ;

used to balance further increases in boron fraction to maintain
lattice matching to silicon.

Lattice matching to minimize defect density is one approach
to improving device performance. However, the stimulated emis-
sion process is also dependent on the photon density within the
laser cavity, and a moderate increase in the optical confinement
factor can give rise to significant improvements in modal gain and
hence in device performance. Maximizing the confinement factor
requires that the core (the quantum well and barriers) and cladding
provide a good waveguide. The strength of the light coupling into
the waveguide is dependent on the difference in the refractive index
between the core and the cladding (the contrast) and the thickness
of the active region.
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FIG. 2. Variation in relaxed lattice constant of BGa(As)P alloys with boron and
arsenic fraction at room temperature relative to silicon.

Design of the waveguide and carrier confinement components
of these devices therefore requires an understanding of the optical
and electronic properties of the B,Ga(;_P and B,Ga_As,P(1_y)
materials and their variation with composition. Previous investiga-
tions of the refractive index have been carried out by Rogowsky
et al.'® and Volk and Stolz'” and the bandgap properties have been
investigated by Hossain et al.'® However, these do not cover the full
wavelength range of interest, from 850 to 1300 nm (1.46-0.95eV),
which may be achieved by bandgap engineering (varying the compo-
sition and strain) of the GaNAsP system.

As well as the boron containing alloys, we are also inter-
ested in determining the refractive index of the compressively
strained GaP nucleation layers and the doped silicon substrates.
Refractive index is sensitive to strain, doping, and differences in
crystalline quality and impurities, which may be associated with
different deposition methods. With ongoing improvements in
deposition technology and processes, it is important to use mea-
sured values, which are specific to the deposition system
deployed rather than relying on literature data even for the more
commonly documented materials. The refractive index of the
GaNAsP QW has not been measured in this study but from
other studies'’™”' can be assumed to be >3.3 for the wavelength
range considered here.

The methodology and results of this study are also relevant
to other applications using similar material systems. For example,
BGaAs/GaP QWs grown on a GaP/Si virtual substrates are being
investigated as promising optical gain media for red-light
emitters.””™*" Furthermore, dilute nitride and phosphide materi-
als including GaNPAs and GaNP** and GaAsP® are being inves-
tigated as candidates for integration of photovoltaics on silicon.
The approach of lattice matching to silicon by alloying with
smaller atoms is common in photovoltaics, for example, adding
small amounts of boron to GalnAs.””

ARTICLE scitation.org/journalljap

Spectroscopic ellipsometry (SE) provides a method for very
precise measurement of a range of material properties including refrac-
tive index. The optical properties of the ByGa(;_xP, ByGa_As Py,
GaP, and silicon materials are measured and analyzed across the
full spectral range of the ellipsometer. We report here on the
detailed measurement and modeling of the real part of the refrac-
tive index, in the transparent region below the bandgap, for these
materials and its variation with alloy composition and wavelength
taking into consideration the substrate induced strain.

Il. SAMPLES

A series of three sets of samples were produced to determine the
refractive indices of the alloys using SE. A summary of the character-
istics of each sample is given in Table L. Boron fractions were in the
range of 0%-6.6% and arsenic fractions from 0%-17%.

Series 1 and 2 samples were deposited on exactly oriented
silicon (001) (£0.5°) substrates with an additional 5um layer of
highly n-doped silicon (1 x 10" cm™ P for series 1, 3x 10 cm™3
P for series 2) deposited before III-V growth. A 28 nm thick pseu-
domorphically strained GaP nucleation layer was deposited in a
close-coupled showerhead (CCS) Crius R300 mm system on the
silicon substrates. The wafers were then cleaved into smaller pieces
for the deposition of BGaP and BGaAsP layers, which were grown
by metal organic vapor phase epitaxy (MOVPE) in a horizontal
AIX 200-GFR reactor system at 575 °C. A further 4 nm of GaP was
added to the template layer before the deposition of the BGaP and
BGaAsP layers.

A number of the series 1 and 2 samples were grown lattice
matched to silicon at the growth temperature. The relationship
between the boron (x) and arsenic (y) fractions for lattice matching
at the growth temperature for these samples is illustrated in Fig. 3.

Series 3 samples were grown on GaP substrates with the
BGa(As)P layers deposited directly onto the GaP substrate as
described above.

All boron containing and GaP layers were nominally undoped.
The BGa(As)P layers formed the topmost layer in all cases. The
reverse sides of the substrates were roughened using a fine emery
paper until uniformly matt to eliminate backreflection from the sub-
strate to air interface during ellipsometry. Samples were typically
rectangular with ~5-10mm sides allowing simple ellipsometer
mounting. The silicon substrate samples A and G were prepared by
etching the GaP layers from the GaP on silicon templates (B and H)
using aqua regia.

Layer thicknesses and alloy compositions for each of the
samples were determined by dynamic model fitting of high resolu-
tion x-ray diffraction (HR-XRD) scan data using the X’Pert PRO
system from PANalytical. For the BGaP samples, the uncertainty in
the boron fraction from the HR-XRD simulation is +0.05%, and
for the BGaAsP samples, the boron and arsenic fraction uncertain-
ties are +0.1% and +0.2%, respectively. The GaP, BGaP and
BGaAsP layer thicknesses were also measured as part of the SE
investigation and were confirmed to be within <5% of the HR-XRD
values quoted in Table I. Critical thickness values (h.) were calcu-
lated at 300 K after Zhang™® and all sample layer thicknesses, with
the exception of sample C, were determined to be less than A,
Sample C (boron fraction 3.1%) has a similar boron fraction to
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TABLE I. Summary of sample characteristics.
B fraction As fraction Thickness h. (300 K) In-plane strain

Sample Material Substrate x (%) y (%) (nm) (nm) (300K)

Series 1

A Si (n-doped) Si N/A N/A 5000" N/A None

B GaP Si (A) 0 0 28° 126" Compressive

C B,Ga(y_P GaP/Si 3.1° 0 422¢ 359" Tensile

D B,Ga(1_nAs,P(i_y) GaP/Si 4.2° 6.0° 425° 519" Tensile

E B,Ga(_nAs,P(i_y) GaP/Si 5.4° 12.0° 425°¢ 694° Tensile

F B,Gag_yAs,P(_y) GaP/Si 6.6° 17.0° 465° 603" Tensile

Series 2

G Si (n-doped) Si N/A N/A 5000" N/A None

H GaP Si (G) 0 0 28" 126 Compressive

I B,Ga_xP GaP/Si 1.4° 0 105° 502° Compressive

] B,Gag_yP GaP/Si 2.6° 0 105° 894" Tensile

K B,Ga;_xP GaP/Si 3.2° 0 106° 316° Tensile ¢

L B.Ga(_P GaP/Si 4.3° 0 104° 123" Tensile g

M B,Gag_xAs,Pa_y) GaP/Si 49° 7.1¢ 106° 280" Tensile &

N B,Ga(1_As,Pi_y) GaP/Si 5.0° 10.4° 108° 758" Tensile  §

Series 3 é’r

(0] GaP GaP 0 0 .o N/A None g

p B,Gag_yP GaP 0.42° 0 500° 1009” Tensile &

Q B,Ga(y_P GaP 0.7° 0 500° 539" Tensile %

R B,Ga(1_oAs,P(i_y) GaP 1.9° 6.0° 295° 925" Tensile  §

S B,Ga(_nAs,P(1_y) GaP 2.1° 6.0° 293¢ 884" Tensile 3

T B,Ga(1_xAs,P(i_y) GaP 2.9° 12.0° 296° 1281" Tensile  §
2

Measurement method: %

“Nominal. g

®Calculated. §

‘HR-XRD. é
&

20 T T T T T T sample K (3.2%) allowing comparison to evaluate any differences 8
18| | due to relaxation. The critical thickness at the growth temperature 3

©
>
&
&3
g
8
S
ll\)
s
=
2

= ’ / 1 designed to be lattice matched to silicon at the growth temperature
SMr 4 ] can be grown to a thickness of more than 1.5um without relaxa-
Z’ 12 L Eam ,/ | tion.”” For the GaP on silicon substrate, under compressive strain,
] / ] the critical thickness is reduced at the growth temperature with the
S0t N A - first signs of relaxation occurring at a thickness of around
= . y=497x155  / 1 70 nm.>* All of the samples are, therefore, within the critical :
c /' a ] thickness at the growth temperature.
Q M
g 6 Ds / 4
Al /’ 1 1ll. SPECTROSCOPIC ELLIPSOMETRY
, d 1 SE is a highly sensitive, non-destructive measurement technique
2r ’ 7 that can be used to determine the thickness and optical properties of
0 ) ) c.;-f K : ) ] thin films. SE measures the relative change in the polarization state
0 1 2 3 4 5 6 7 of the p- and s-components of the electric field of the incident and,
Boron fraction x (%) elliptically polarized, reflected light from the sample. The incident

polarization state is known and the reflected polarization state is ana-
lyzed by a rotating polarizer and detector. The change in amplitude
and phase of the p- and s- waves caused by reflection from the
sample are characterized by the measured ellipsometric parameters

FIG. 3. Relationship between boron and arsenic fractions for lattice matching of
BGaAsP at the growth temperature of 575 °C.
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v and A, which are typically expressed in terms of the ratio of the
complex reflection coefficients Rp and Rg as

R .
p= R—’S’ = tan(y)e™ 1)

SE does not measure layer thicknesses or optical constants
directly. Instead, it relies on the development of a physically based
model in which the unknown properties are varied iteratively in
order to achieve the best possible fit between the modeled and
experimentally measured data. A Levenberg-Marquardt regression
fitting algorithm is used to reduce the mean square error (MSE)
between the model calculated and the measured y and A data sets
by adjusting the model parameters.’’ The parametric model is
described in Sec. IV.

IV. EXPERIMENTAL APPROACH

SE data were collected using a variable angle spectroscopic
ellipsometer (J. A. Woollam V-VASE) with an extended wavelength
range (250-2500 nm) HS-190™ scanning double monochromator
and 75 W xenon light source. The data analyzed for refractive index
investigation were in the range of 0.55-1.5eV (827-2254 nm) in
high resolution (0.01eV) steps at three angles of incidence
(60°, 65°, and 70°). The AutoRetarder™ and isotropic and depo-
larization functions were active and the ellipsometer was initial-
ized, aligned, and calibrated using a SiO,/Si reference sample
before each set of measurements. The beam diameter at the
sample using alignment optics was approximately 1.5mm. All
measurements were taken at RT.

Refractive index and thickness data were calculated using
J. A. Woollam WVASE32™ software and the Johs-Herzinger
parametric semiconductor model.”’ A schematic representation
of the model for the series 1 and 2 samples on silicon is shown
in Fig. 4. Each sample was modeled as a series of parallel layers
comprising the substrate, buffer layer, GaP nucleation layer, the
BxGa(_x)As,P(1_y layer of interest capped by an oxide/surface
roughness layer. A similar model comprising a GaP substrate,

BGa(As)P sample layer

Doped silicon buffer

Silicon substrate

FIG. 4. Schematic cross section of the ellipsometry layer model for data fitting.

ARTICLE scitation.org/journalljap

the BGaAsP sample layer, and an oxide/surface roughness layer
was applied for the series 3 samples.

It has been assumed that all interfaces are sharp boundaries
with no intermixing or roughness between layers and that optical
constants are homogeneous. Scanning transmission electron micro-
scope (STEM) investigations found no evidence of interdiffusion
between layers and STEM and HR-XRD studies have not identified
any signs of inhomogeneity.

The fewer the number of unknown material properties, the
more accurate the model will be for determination of the optical
parameters of the BGa(As)P layers. However, it is not possible to
simply use dispersion functions from other studies for the silicon
buffer or GaP layers, because the buffer layers are heavily doped
and the GaP layer is under compressive strain due to its lattice
mismatch with silicon, both of which alter their optical properties.
For series 1 and 2, the optical constants for the doped silicon
buffer layers on the silicon substrate were determined from
samples A and G by applying a model comprising library values
for the substrate, the nominal buffer layer thickness, and an upper
oxide/ surface roughness layer. The GaP layer optical constants
were then determined from samples B and H using the parame-
ters from A and G above for the silicon substrate and buffer com-
bination, the HR-XRD measured GaP layer thickness and an
oxide/surface roughness layer. The modeled GaP on silicon layer
optical parameters were then fixed for the ongoing BGa(As)P
layer analysis, with the GaP thickness increased by the additional
4 nm growth to 32 nm. The optical properties of the GaP substrate
(O) were measured and used as a constant base for the BGa(As)P
layer analysis for series 3 samples.

The ellipsometric model parameters were determined layer by
layer from the substrate upwards with each layer providing valuable
data for device waveguide design. The model parameters for the
strained GaP nucleation layer were adapted from a starting point of
the J. A. Woollam WVASE32™ GaP_p parametric semiconductor
library model™ [referred to as GaP parametric from UNL (unpub-
lished)]. The GaP nucleation layer parameters were then used as the
starting point for determining the BGaP and BGaAsP model parame-
ters. This consistent approach is important to ensure that the trends
observed are a feature of differences in the physical properties of the
materials rather than the possibility of variations in the methodology.

The experiments and analysis were carried out in the follow-
ing order:

1. SE scans of each of the samples to measure y and A data as a
function of wavelength (photon energy).

2. Creation of layer-by-layer parametric semiconductor models
for each sample to fit the experimental y and A data.

3. Extraction of refractive index dispersion data points from the
models for each sample.

4. Calculation of strain relaxed refractive index data points by
applying the Lorentz-Lorenz equation Eq. (3).

5. Determination of strain relaxed Cauchy coefficients [Eq. (5)]
as a function of boron and arsenic fractions.

6. Calculation of the strained refractive index variation with
photon energy as a function of boron and arsenic fractions by
applying the Cauchy model and Lorentz-Lorenz equation.
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These data are illustrated as a surface between the sample dis-
persion curves allowing extrapolation to non-sample alloy
fractions.

V. RESULTS AND DISCUSSION
A. Ellipsometric data

Figures 5(a) and 5(b) show examples of the experimentally
measured (solid lines) and best fit model (dashed lines) ellipsomet-
ric parameters y and A for samples B (GaP on-silicon) and F
(B=6.6, As=17%). Data for a single angle of incidence (65°)
are shown for clarity. The oscillation features in Fig. 5(b) are
due to thin film interference due to light reflected from the
BGaAsP/GaP interface, which indicates that the BGaAsP layer
is transparent, and that the real part of the refractive index of
the GaP layer is lower than that of the BGaAsP layer in this
range. This transparency feature was observed in all of the
BGaP and BGaAsP samples. The thickness of the upper layer
affects the number of oscillations and the refractive index differ-
ence between the layers affects their amplitude (and number).
Oscillations are suppressed when the material becomes absorb-
ing. There are no oscillation features for the GaP on-silicon
sample because the silicon substrate is of a higher refractive
index. It can be seen that there are no sharp critical point
absorption features below ~2.3 eV.

B. Refractive index and strain

An important finding and consideration in our investigation
has been the influence of strain on the refractive index measure-
ments. As discussed earlier, we are interested in BGaP and BGaAsP
alloy fractions, which are lattice matched to silicon at a growth
temperature of 575 °C. Due to differences in their thermal expan-
sion coefficients compared to silicon, these alloys become strained
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as they cool to RT. The relaxed lattice constant of the epilayer a; is
different from the substrate lattice constant ag. When a thin (<h,)
epilayer is grown on a much thicker substrate, the epilayer lattice
constant becomes equal to that of the substrate. The resulting net
in-plane strain in the epilayer is given by

(as —ar)
ag, ’

@

a =

For compressive strain (a; > as), ¢|| is negative and for tensile
strain (a < ag) ¢ is positive. For our samples, the substrate lattice
constant ag corresponds to silicon for series 1 and 2 and GaP for
series 3. The epilayer relaxed lattice constants a; for our samples
were calculated by the application of Vegard’s law using the lattice
constant values shown in Table II.

Strain is well known to induce shifts in the band edges of the
conduction and valence bands in semiconductors. The influence of
strain on refractive index due to the change in density is discussed
in detail by Kao™* and has been applied practically in the form of
the Lorentz-Lorenz equation by Tran et al.”” as

(n? — 1)(n* + 2,

n=n+
6n

Il 3
where n is the unstrained refractive index, #’ is the as-measured,
strained refractive index, and ¢ is the in-plane strain given by
Eq. (2). Equation (3) implies that refractive index is decreased by
the application of compressive strain and increased by tensile
strain. The Lorentz-Lorenz equation is valid in wavelength
regions remote from absorption bands, where absorption can be
neglected, and the refractive index is real.”® The applicability of
the Lorentz-Lorenz equation (3) was confirmed by measuring
the strained refractive index »n’ of the GaP layers on silicon
(samples B and H), calculating the unstrained refractive index n,
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FIG. 5. Measured (solid lines) and modeled (dashed lines) ellipsometric parameters y and A at 65° angle of incidence. Sample B (GaP on-silicon) (a). Sample F

(BGaAsP on GaP on-silicon) (b).
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TABLE II. Material lattice constant values used in the calculation of in-plane strain.

Material Lattice constant (A) Reference

Si 54311 Okada and Tokumaru’
GaP 5.450 5 Vurgaftman et al.’
GaAs 5.65325 Vurgaftman et al.’
BP 4.538 Huang et al.””
BAs 4.777 Hart and Zunger”’

and comparing it with the measured bulk (unstrained) refractive
index of the GaP substrate (sample O). The measured and calcu-
lated (unstrained) refractive indices agreed to within <0.003 in
the range of 0.55-1.5 V.

In this paper, we refer to “strained” refractive index as the
in situ measured values of the epilayers relative to the specific
substrate at room temperature and “strain corrected” values
referring to the calculated unstrained values solved numerically
using Eq. (3) and equivalent to the effective bulk material. The
following results demonstrate the importance of taking substrate
induced strain into consideration when applying refractive index
data to waveguide design.

C. Refractive index measurements

Figures 6(a) and 6(b) show the measured refractive index and
extinction coefficients of the GaP and BGa(As)P layers, over the
full spectral operational range of the ellipsometer for a representa-
tive set of the on-silicon samples. The indicated critical point ener-
gies will be discussed in more detail later, however it can be seen
that for the spectral range of interest, 0.55 eV-1.5 eV (shaded gray),
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there is no evidence of absorption or optical bandgap transitions
confirming the applicability of Eq. (3).

The refractive index dependence, in the energy range of inter-
est (0.55eV-1.5¢eV) on boron and arsenic fractions for the series 1
and 2, on-silicon samples are shown in Fig. 7. Results for the
on-GaP, series 3, samples are consistent but not shown here for
clarity. The refractive index variation with boron and arsenic frac-
tions is also shown at selected photon energies 0.8 eV (1550 nm),
1.13eV (1097 nm), 1.3eV (956 nm), and 1.5eV (827 nm) corre-
sponding to wavelengths of interest and extending either side of the
expected operating range of the GaNAsP laser system.

Results for the BGaP samples are shown in Figs. 7(a) and 7(b).
Figure 7(a) shows the refractive index dispersion curves and the
increase in refractive index with increasing boron fraction at fixed
photon energy. Figure 7(b) further illustrates the increasing refrac-
tive index with boron fraction for the as-measured (strained)
samples (solid circle data points and connecting lines) at the
selected photon energies.

The corresponding strain corrected data points are indicated
in Fig. 7(b) by the open circles and dashed connecting lines. From
this, it can be seen that BGaP samples with layers, grown lattice
matched with a boron fraction of ~3% at the growth temperature,
are under tensile strain at RT which increases their refractive index.
The compressive strain, for samples with boron fractions <2% at
RT, causes a reduction in refractive index. The overall increase in
refractive index due to boron incorporation up to 4.3% is ~0.04
and the flat strain corrected curves indicates that the change in
refractive index is due to the effect of boron incorporation on the
strain. This is an important finding, adding boron alone (up to
4.3%) to GaP has little effect on the refractive index of the bulk
material, i.e., composition itself has little influence. However, the
strain induced lattice distortion does impact the refractive index.
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FIG. 6. Full spectral range refractive index (a) and extinction coefficient (with inset detail) (b) of GaP, BGaP and BGaAsP layers for selected on-silicon samples showing

critical point energies.
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FIG. 7. Refractive index dispersion for BGaP on-silicon samples showing increasing refractive index with boron content (a). Strained and strain corrected refractive
index of BGaP on-silicon samples showing refractive index change due to boron induced strain (b). Strain corrected refractive index of BGaP and BGaAsP on-silicon
samples showing a stepwise increase due to introduction of arsenic (c). Refractive index dispersion for BGaAsP on-silicon samples showing increasing refractive
index with arsenic content (d). Strained and strain corrected refractive index of BGaAsP on-silicon samples with arsenic content demonstrating refractive index

increase due to tensile strain (e).
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Figure 7(c) shows the strain corrected refractive index varia-
tion with boron fraction for the BGaP samples compared to the
BGaAsP samples at the selected photon energies. On the left hand
side, we see the flat strain corrected behavior of the BGaP samples,
and on the right hand side, there is a stepwise increase in refractive
index at the point where arsenic is included in the samples followed
by a continuing increase in refractive index with increasing boron
and arsenic content. The stepwise increase corresponds to the differ-
ence in refractive index between BGaP sample L with a boron frac-
tion of 4.3% and BGaAsP sample D with a similar boron fraction of
4.2% and an arsenic fraction of 6%. These two sample points are
indicated in Fig. 7(c) by the arrows either side of the discontinuity
in the 0.8 eV data set. The refractive index of the arsenic-containing
layer is ~0.03 higher than the similar boron only sample. The impli-
cation is that the increase in refractive index of the bulk material
with arsenic fraction is related to the change in composition.

Figure 7(d) shows the refractive index dispersion curves and
the increasing refractive index with increasing arsenic fraction (at
fixed photon energy) for the BGaAsP samples. Figure 7(e) shows
the as-measured (strained) and strain corrected refractive index var-
iation with arsenic fraction for the BGaAsP samples at the selected
wavelengths. There is a small and uniform difference in refractive
index at RT due to tensile strain since all of these samples were
lattice matched to silicon at the growth temperature. The
as-measured and strain corrected refractive index increases by
~0.03 with increasing arsenic fraction from 6% to 17%.

For the boron and arsenic fractions considered, we can con-
clude that the inclusion of boron increases refractive index through
the mechanism of strain while, for close to lattice matched
(unstrained) combinations of boron and arsenic, the refractive
index increases with increasing arsenic fraction.

In the context of the design of GaNAsP QW lasers grown on
GaP/Si substrates, the BGaP cladding layer is always grown lattice
matched to silicon at the growth temperature with a boron fraction
of ~3%. The strained refractive index at the design or lasing
photon energy (wavelength) can be read off from the plot for
sample C in Fig. 7(a), as can the refractive index for the strained
GaP on silicon nucleation layer (samples B and H).

Figure 8 illustrates the refractive index contrast at RT between
the materials grown lattice matched to silicon at the growth tem-
perature. In the context of waveguide design, it can be seen that the
refractive index of the BGaAsP layers is greater than the BGaP clad-
ding layer with the contrast increasing with the addition of arsenic.
It also shows (orange shaded area) the range of refractive indices
that can be achieved with different lattice matched BGaAsP compo-
sitions up to an arsenic fraction of 17%.

For context, we also show the refractive index of the silicon sub-
strate and the slightly lower index of the n-doped silicon buffer layers
(gray shaded area). This raises an important consideration for future
investigation. In semiconductor laser devices the cladding is p-doped
on one side of the active region and n-doped on the other. Figure 8
demonstrates that n-doping reduces refractive index (compared to the
undoped material), and this effect has been seen in other experimental
investigations by the authors and may be attributed to the
Moss-Burstein effect.””® A reduction in the refractive index of the
lattice matched BGaP cladding layer due to n-doping would reduce its
refractive index contrast with the adjacent GaP barrier and nucleation
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FIG. 8. Strained refractive index dispersion curves for the on-silicon samples
showing the differences between the substrate, cladding, SCH, and barrier
layers.

layers, increase its contrast with the BGaAsP SCH layer and change
the balance of refractive index with the p-doped side of the device,
which would change the optical confinement characteristics.

D. Refractive index model

In the case of the BGaAsP SCH layers, lattice matching at the
growth temperature can be achieved with a range of boron and

arsenic fraction combinations which may be, purposely, designed to

be different on the n- and p-sides of the device. In order to investigate
the optimum BGaAsP compositions for these devices, it is useful to
be able to evaluate the refractive index at any intermediate composi-
tion, rather than just for the specific compositions of our samples,
starting at the lattice matched BGaP composition of ~3% boron.

In a region of normal dispersion (no interband absorption),
the variation in refractive index with wavelength for dielectrics and
semiconductors can be described by the Cauchy expression

B C
”(A):A‘FF-FF'F.-., (4)
where A, B, and C are constants which are characteristic of a particular
material. Alternatively, this may be written in terms of photon energy as

— 2 4
n(Ey) = P+ QEX +RE: + .., (5)

with P, Q, and R as corresponding constants.

It can be seen from Figs. 6(a) and 6(b) that the range of
0.55-1.5eV is a region of normal dispersion. The distinguishable
critical point energies for GaP, taken from Table III, indicated in
the figures can be seen to be well above the region of interest.
Furthermore, it can be seen that the GaP indirect energy gaps at
2.26 and 2.63 eV are not distinguishable using SE.
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TABLE |ll. GaP indirect energy gaps and critical point (CP) energies at 300 K
(Adachi®).

E/CP Energy (eV)
X 226
3
EL 2.63
g
Eo 274
Eo+ Ao 2.84
E[l 3.7
E, 475
E'o + Ay 48

For BGaP with a lattice matched boron fraction of ~3%, the
direct and indirect energy gaps have been determined to be >2 eV
(Hossain et al.'®) and, although the bandgap for BGaAsP is
expected to decrease with increasing boron and arsenic fraction,
the direct energy gap for our range of samples is also >2 eV (Volk
and Stolz'”). So, for the wavelength range of interest in this study,
the refractive index is in the transparent region where absorption
effects can be ignored. Parameters P, Q, and R for each sample
layer were determined by fitting the measured, strain corrected, dis-
persion curves to Eq. (5). In order to create an empirical model, we
need to understand how the dispersion coefficients P, Q, and R
vary with boron and arsenic fraction. All three coefficients were
found to increase with increasing boron and arsenic fractions as
shown in Fig. 9. Note that although the dispersion of the Cauchy Q
coefficient appears high, the calculated refractive index was found
to be relatively insensitive to differences in the value of Q over its
full dynamic range.

As demonstrated earlier, the increase in the strain corrected
refractive index is due to the arsenic rather than the boron content
and, for lattice matching to silicon at the growth temperature, there
is a fixed relationship between the boron (x) and arsenic (y) fractions
which was illustrated for the on-silicon samples in Fig. 3. This means
that the strain corrected refractive index [Eq. (5)] can be expressed in
terms of the photon energy and P, Q, and R as a function of the
arsenic fraction only. The strained, on-silicon, refractive index model
values can then be obtained by substituting the calculated values
from Eq. (5) and Eq. (2) into Eq. (3). No higher order terms were
required in Eq. (5) to achieve good fits to the experimental data.

The modeled surface representing the strained refractive index as
a function of photon energy and arsenic fraction is shown in Fig. 10.
The difference in refractive index between the modeled surface and
the measured samples is typically better than +0.003. The exception
being for sample M (boron 4.9%, arsenic 7.1%) where the model over-
predicts the refractive index by, at worst, 0.007 at the higher arsenic
fraction and photon energy end. The sensitivity of the model was
investigated and the maximum variation in the modeled n’ due to the
uncertainty in the curve fits for P, Q, and R was found to be +0.007.

An alternative projection of the modeled data is shown in
Fig. 11.

This illustrates the dynamic range of the refractive indices and
enables a visual estimation of refractive index, for specific boron
and arsenic lattice matched fractions, at photon energies between
the selected values.
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FIG. 9. Variation in the Cauchy parameters for the strain corrected empirical
model as a function of arsenic fraction (y).

E. Waveguide applications

The model predicts that a refractive index contrast of
~0.05-0.07 can be achieved between lattice matched Bs ;4,Gagg 99, P
and B;o,Gag30,AS899,P510s dependent on the selected wavelength.

It is of interest to compare this with more established material
systems. Refractive index contrasts for AlGag_xAs/GaAs measured
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FIG. 10. Modeled (gray surface) and experimental (curves) strained refractive
index as a function of photon energy and arsenic fraction for growth temperature
lattice matched BGaP and BGaAsP layers on silicon.

using SE by Papatryfonos et al.”’ are ~0.2-03 for wavelengths in the
range of 825-1550nm. Similar contrasts have been measured and
modeled by Seifert and Runge"' using SE for the In(;_Ga,As,P(i_y)/InP
system in the same wavelength range. In practice, the contrasts
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FIG. 11. Modeled refractive index variation for lattice matched boron and
arsenic fractions at selected photon energies.
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FIG. 12. Waveguide simulation showing the optical field distribution (blue
dashed line—arbitrary units) at 850 nm (1.46 eV) confined within the device
structure.

available are limited by the range of alloy fractions that meet device
lattice matching and bandgap requirements.

A preliminary investigation suggests that the refractive index
contrast is sufficient for BGaAsP waveguide applications of
GaNAsP QW lasers on silicon. Figure 12 shows a waveguide simu-
lation at 850 nm (1.46 eV), the primary wavelength for multimode
fiber optical communication systems, for lattice matched BGaP
cladding layers and Bsso,GaAs;;se,P SCH and cap layers. The
strained on-silicon refractive index values for silicon, GaP, and the
boron containing alloys were as determined by SE or calculated
from the model described above.

While not optimized, the selected cladding and SCH thicknesses
and refractive index contrasts can be seen to provide good confine-
ment of the optical field (blue dashed line) at this wavelength with an
optical confinement factor of ~0.9%, for a 5.3 nm width single QW,
which is relatively low compared, for example, to confinement factors
of ~2% calculated for AlGaAs/GaAs devices by Hadjaj et al.*> While
an exact comparison is hard to obtain for InGaAsP/InP, using, for
example, the data of Piprek et al’’ and scaling for the same QW
thickness, the optical confinement factor per QW is ~1%, which is
very similar to the value calculated for our BGaP/BGaAsP waveguide.

Although the achievable contrast range is similar across our
wavelength range, the degree of confinement of the mode within
the core region will be greater at shorter wavelengths.** This means
that there may be more scope for engineering and improving the
waveguide properties at the lower wavelength end of the GaNAsP
QW emission range.

VI. CONCLUSIONS

In this work, we used SE to analyze the refractive index disper-
sion of BGaP and BGaAsP layers epitaxially grown on silicon sub-
strates as a function of boron and arsenic fractions. These layers are
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of interest as cladding and SCH layers respectively in the develop-
ment of GaNAsP QWs and an understanding of their optical prop-
erties is critical to laser waveguide design.

It was confirmed that strain due to lattice mismatch with the
silicon substrate affects refractive index and, for the range of com-
positions of our samples an increase in boron fraction increases the
refractive index through the mechanism of strain, while the increase
in refractive index due to arsenic is independent of strain. The
addition of boron up to 4.3% has only a weak effect on the refrac-
tive index of BGaP, which we speculate is band structure related.
Since GaP and BP are both indirect bandgap semiconductors, the
addition of boron to GaP alters its (indirect) band structure but the
BGaP alloy remains indirect and as such has relatively little influ-
ence on the refractive index. This is in contrast to the addition of
arsenic to GaP which moves it toward the direct bandgap GaAs,
therefore having more of an influence on the refractive index. The
method of analyzing the effect of strain can be more generally
applied to the measurement of the optical properties of thin films
on non-lattice matched substrates.

An empirical parametric dispersion model was developed, that
takes account of the effects of strain, which can be used to calculate
the refractive index of BGaP and BGaAsP layers lattice matched to
silicon at a growth temperature of 575 °C as a function of boron and
arsenic content. This provides data for waveguide modeling for a range
of compositions without the need to grow new samples for analysis.

Preliminary simulation modeling, based on measured and
modeled refractive indices, has confirmed that these novel boron
containing materials can provide a viable waveguiding solution
with further opportunity for optimization.

There is an opportunity to extend this investigation in the
future using additional samples to review the impact of doping on
refractive index. It is also recognized that lattice mismatch induced
strain introduces anisotropy into the crystal layer. It is anticipated
that the refractive index component in the growth direction (z) is
dominant in the SE measurements, and important in terms of
waveguiding. However, the components along the waveguide cavity
(x and y), in the direction of the propagating field, should also be
investigated in future work.

The results and methodology of this study are relevant to
other applications using similar III-V and dilute nitride materials
for integration on silicon.
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