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The Incorporation of In in GaAsN as a Means of N
Fraction Calibration
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Abstract—InGaAsN and GaAsN epitaxial layers with similar
nitrogen compositions in a sample were successfully grown on a
GaAs (001) substrate by solid source molecular beam epitaxy. An
electron cyclotron resonance nitrogen plasma source has been used to
generate atomic nitrogen during the growth of the nitride layers. The
indium composition changed from sample to sample to give
compressive and tensile strained InGaAsN layers. Layer
characteristics have been assessed by high-resolution x-ray
diffraction to determine the relationship between the lattice constant
of the GaAs; N, layer and the fraction x of In. The objective was to
determine the In fraction x in an In,Ga,,As;_,N, epitaxial layer which
exactly cancels the strain present in a GaAs; (N, epitaxial layer with
the same nitrogen content when grown on a GaAs substrate.

Keywords—Indium, molecular beam epitaxy, nitrogen, strain
cancellation.

1. INTRODUCTION

INCE Kondow et al [1] experimented on InGaAsN as a

candidate for near infra-red devices (1.3 to 1.55 um)
grown on GaAs substrates, considerable work by others has
followed (e.g. [2]-[5]). By adding a small amount of nitrogen
to GaAs and InGaAs there is a decrease in both the bandgap
energy and the lattice parameter [6], [7]. While there have
been many reports of the electronic and optical properties of
GaAsN and InGaAsN alloys, there have been few studies of
methods of determining nitrogen fractions in these materials
(e.g. [8]-[10D).

In this paper, we study strain cancellation in GaAsN
epitaxial layers by the addition of In as a method for
calibrating N fractions. Preliminary results of this study have
been reported previously [11] with the same N fractions of
about 0.003 for nitride layers in all four samples examined.
This work reports an extension of earlier work by the growth
of several sets of samples containing higher N fractions of
about 0.006, 0.007, 0.01 and 0.011. The idea is to take a
tensile layer of GaAsN which exhibits a particular
perpendicular lattice constant, which is measured accurately
by HRXRD, and determine the fraction x of In which must
replace Ga to exactly cancel the tensile strain in the layer. The
fraction x is found where InGa;,As; N, — GaAs peak
separations plotted against varying In fraction x passes
through zero arcseconds, equivalent to exact lattice matching
of the layer to the substrate.
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II. EXPERIMENTAL PROCEDURE

The experiments were performed in a highly modified
Varian molecular beam epitaxy (MBE-360) system. Substrates
were degreased and etched using semiconductor grade
chemicals and indium soldered onto molybdenum substrate
holders before being loaded into the system. Substrates were
oriented vertically in the growth chamber, which was pumped
by a 400 1/s ion pump to give a residual gas pressure less than
10 Torr. The Ga, In and arsenic (As,) fluxes originated from
boron nitride crucibles in effusion cells and their temperatures
were set to achieve the desired fluxes for each sample.

The MBE growth of dilute nitrides on GaAs (001)
substrates commonly uses a radio frequency (RF) plasma
source to produce atomic nitrogen. However, in this work an
electron cyclotron resonance (ECR) plasma source was used
to provide active N radicals from a pure (99.9999%) N, gas.
There are several benefits in using an ECR plasma source
instead of an RF plasma source, as described in [12], [13].
This work used a 2.45 GHz microwave generator and operated
with a constant plasma current of 12 or 18 mA, depending on
the nitrogen flux required, with a 50V ion trap to eliminate
charged species from the beam. The nitrogen gas flow rate
was adjusted with a leak valve and its pressure in the chamber
was monitored via the mass 28 peak from a quadrupole mass
spectrometer (QMS) or via the ion pump current which
measured the high background N, pressure, assured to
correlate reasonably with the atomic nitrogen flux. The
nitrogen pressure was assumed constant for each sample.

The substrate was slowly heated to remove the oxide from
the surface under an As, flux and this process was monitored
in situ using reflection high energy electron diffraction
(RHEED). The substrate temperature was measured by a
thermocouple positioned close to, but not touching, the back
of the substrate. Following oxide removal, the substrate was
held at an elevated temperature for about 15 minutes to ensure
the oxide layer had been completely removed. The Ga shutter
was then opened for about 5 minutes for the growth of a GaAs
buffer layer at this substrate temperature, known from
experience to be approximately 600°C. The substrate
temperature was then reduced slowly in order to observe the
RHEED pattern transition between the 2x4 and c(4x4) surface
reconstructions, known to occur at a temperature of 530°C
[14]. This calibration process allowed determination of the
indicated temperature at which the real substrate temperature
was 600°C for GaAs growth and 540°C for the growth of
layers containing indium or nitrogen. A GaAs buffer layer was
then grown at a 600°C equivalent temperature at a rate of
approximately 1 ML/s for about 10 minutes after which the Ga
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flux was determined by monitoring the RHEED intensity
oscillations observed following initiation of GaAs growth.

The sample structure was similar for all samples, consisting
of individual InGaAsN and GaAsN layers as well as a 10
period InGaAs/GaAs multi quantum well (MQW). They were
grown on 500 pm thick GaAs (001) substrates as shown in
Fig. 1. The In,Ga;As/GaAs MQW was designed to allow
calibration of the Ga and In fluxes from which the In fraction
x could be determined. The In fraction was assumed to be the
same in the MQW as in the InGaAsN layer and the N fraction
was also assumed to be the same in the GaAsN and InGaAsN
layers. There are two buffer layers of thickness 160 nm
between the InGaAsN and GaAsN, and GaAsN and
InGaAs/GaAs MQW layers and temperature changes were
made during the growth of these layers so there were no
growth interruptions. This ensured that the InGaAsN, GaAsN
and InGaAs/GaAs MQW layers were grown at the design
temperature of 540°C where evaporative loss of In and N is
negligible. The thicknesses of the InGaAsN and GaAsN layers
were designed to be lower than their critical thicknesses as
determined from the force-balance model of Matthews and
Blakeslee [15]. This was important to avoid misfit dislocation
formation in the layer interfaces which would result in a loss
of interfacial coherence, an important assumption on which
the analysis has been based. The InGaAsN layer thicknesses
were between 200 and 400 nm while the GaAsN layer
thicknesses were between 50 and 100 nm. The buffer layer
thicknesses were not as critical as those of the epitaxial layers.

GaAs MQW (x10)
InGaAs Grown at 540°C
GaAs buffer Grown at 600°C
GaAsN Grown at 540°C
GaAs buffer Grown at 600°C
InGaAsN Grown at 540°C

500pum GaAs
substrate + buffer

Fig. 1 The structure of all samples with layer thicknesses omitted.

We grew five sets of samples with various N fractions
which were designated sets 1, 2, 2b, 3 and 3b. The N fraction
was designed to be increased from one set of samples to
another. Each set was intended to consist of four samples, two
containing compressively strained InGaAsN layers and two
with InGaAsN layers in tension, however set 3b consisted of
only two samples. The layer strain was adjusted by changing
the In furnace temperature and therefore the In flux. Sets one
and two were grown at a low nitrogen plasma current of 12mA
with the nitrogen pressure stabilized by setting the QMS

multiplier current to 4.5x10° Amps when tuned to the N,
peak. For the higher N compositions, growths were performed
at a higher nitrogen plasma current of 18 mA and the nitrogen
pressure in the growth chamber was stabilized by monitoring
the ion pump current. The higher background nitrogen
pressure in the chamber during operation of the plasma source
meant that nitrogen was the dominant species contributing to
the pressure. Therefore a higher nitrogen plasma power was
required to grow samples at higher N compositions to limit the
pressure the ion pump was exposed to. Another problem was
that the sensitivity of the QMS was also compromised at high
N pressures. Set 2b was grown to repeat the results of set 2
and set 3b was grown to repeat the results of set 3 but with the
higher nitrogen plasma current of 18 mA.

For the growth of Ga,_,As;,,N,, the Ga incorporation rate /g,
can be related to the As and N incorporation rates I, and Iy
by:

]Ga: IAS + [N . (1)

The relationship between incorporation rates and N fraction y
is given by:

[=

-2

T @

N

From (1) and (2), y could be related to the N and Ga
incorporation rates by:

Y 3
If the sticking coefficients of N and Ga are unity (confirmed

by experiment [12], [13], [16]), incorporation rates can be
replaced by flux rates so:

s
y=2 @)
yGa

This shows that the N fraction is expected to be inversely
proportional to the Ga flux yg,, and so the atomic fraction y of
N could be increased by reducing the Ga growth rate at
constant N flux ypy. Each set was designed to have a constant
Ga flux in order to yield the same N fraction in all samples
within a set.

It was necessary to structurally characterize each sample to
determine their In content by collecting the (004) HRXRD
spectra from the reference InGaAs/GaAs MQW grown on the
top of each sample. The HRXRD measurements were
performed using a system equipped with a parabolic
multilayer mirror and a four-bounce Ge (220) Bartels
monochromator and used a conventional x-ray generator with
a copper target as the radiation source (Cugg, A=1.54060A)
operating in line focus mode. When all data on the
InGaAs/GaAs MQW had been collected, the MQW structure
was etched from each sample to avoid the complications in the
HRXRD spectra caused by the InGaAs/GaAs MQW peaks
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overlapping with the peaks originating from the single
InGaAsN and GaAsN layers. The samples were etched in a
polishing etchant consisting of H,S04(96%):H,0,(30%):H,O
mixed in the volume proportions 8:1:1. The H,0, and the H,O
were premixed in the proportions 1:1 and both this mixture
and the H,SO,4 were mixed and then stored at 4°C to cool the
etchant following the exothermic reaction that occurs when
they are mixed and which increases the etch rate and makes it
less predictable. The etch rate was calibrated from step height
measurements using an Atomic Force Microscope (AFM).
Following the removal of the InGaAs/GaAs MQW structures,
each sample was again subjected to HRXRD measurement to
obtain a spectrum that consisted only of the GaAs substrate
peak and the individual InGaAsN and GaAsN layer peaks.

III. RESULTS AND DISCUSSIONS

Fig. 2 shows (004) rocking curves from four of the samples
having two N fractions. Samples S1070311 and S2090311 had
N fractions of about 0.007 while samples S1100211 and
S2310111 contained N fractions of about 0.01. The spectra
show clear zero and higher order satellite peaks from the
InGaAs/GaAs MQW layers as labelled in the figure. All
InGaAsN layer peaks are labelled as X in the figure. Samples
S1070311 and S2090311 contained compressive and tensile
strained InGaAsN layers respectively. The compressive
InGaAsN layer peak is to the left of the GaAs substrate peak
while the tensile layer peak is to the right of the GaAs
substrate peak. The tensile InGaAsN layer peak for sample
S2310111 is very close to the GaAs substrate peak and the
compressive InGaAsN layer peak is between the GaAs
substrate and the zeroth order MQW peak for sample
S1100211. The GaAsN layer peaks for all samples are to the
right of the GaAs substrate peak.

HRXRD measurements on the samples were collected at
azimuthal (Phi) angles of 0°, 90°, 180° and 270° for each
sample to identify any layer tilts. Layer tilts can occur for a
number of reasons, including a slight miscut of the (001)
substrate or the presence of misfit dislocations. Any simple tilt
effects can be seen from this data with the peak separations
between the GaAs substrate and zeroth order peak of the
InGaAs/GaAs MQW following a sine function with an
amplitude equal to the tilt angle. This is important since the
HRXRD simulation software used in this work did not allow
the inclusion of layer tilts in the simulation. The Phi angle at
which the sine function equals its average gives a condition at
which the tilt has no effect on the spectrum and a HRXRD
scan was repeated at this angle to give a fifth spectrum. From
the fifth spectrum the In fraction could be calculated from the
InGaAs/GaAs MQW. This value of In fraction had therefore
been corrected for tilt effects and this procedure was repeated
for all samples. The value of the In fraction obtained from the
fifth HRXRD spectrum was then used to fit simulations to
experimental rocking curve spectra collected at Phi of 0°, 90°,
180° and 270° following removal of the InGaAs/GaAs MQW
layers.

Substrate

SL-2 SL+2

S1070311 7

S2090311 ]

Intensity (a.u)

$2310111 ]

-2000 -1000 0 1000 2000
Angle Omega/2Theta (arcsec)

Fig. 2 XRD rocking curves.

After removal of the InGaAs/GaAs MQW layers the
HRXRD measurements were repeated. Examples of HRXRD
spectra obtained after removal of the InGaAs/GaAs MQW are
shown in Fig. 3. The GaAsN peaks are clearly observed
although broad in the high N fraction samples S1100211 and
S2310111. The GaAsN peak is broad since it originates from a
thin layer and therefore it is difficult to identify its angular
separation relative to the GaAs substrate. InGaAsN-GaAs and
GaAsN-GaAs peak separations obtained at four azimuthal
angles were again fitted to a sine function.

S$2090311

Intensity (a.u)

$1100211

41500 -1000 -500 0 500 1000 1500 2000
Angle Omega/2Theta (arcsec)

Fig. 3 XRD rocking curves after removal of the InGaAs/GaAs MQW.

The experimental HRXRD curves were compared with
dynamical simulations to determine the angular separations
between the InGaAsN and GaAs substrate peaks and between
the GaAsN and GaAs peaks as shown in Fig. 4 for sample
S1100211. The compressively strained InGaAsN layer peak is
on the left of the GaAs substrate while the GaAsN peak is on
the right of the substrate. Some of the fringes in the simulation
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are not seen in the experimental curve, suggesting some
interfacial roughness even though the calculated thicknesses of
each layer were less than their critical thicknesses. Following
simulation, the thickness of the GaAsN layer could be
increased to give a clear GaAsN peak allowing ready
measurement of its separation from the GaAs substrate peak
and therefore an estimated N fraction y could be calculated
based on this separation.

counts/s
1

100K+

10K~

1K

100

104

1

0.

1600 500 ' 0 ' 500 ' 1000 1500
Omega/2Theta (5)

Fig. 4 XRD rocking curve and dynamical theory simulation from
sample S1100211.

Simulation based on dynamical x-ray diffraction theory is
also very useful to identify the InGaAsN-GaAs peak
separation when the InGaAsN layer peak was very close to the
substrate and not clearly resolved. For example the InGaAsN-
GaAs layer peak separation for sample S2310111 could be
found following simulation by increasing the InGaAsN layer
thickness until its angular position was clear. Then from its
lattice spacing, it was possible to calculate the perpendicular
lattice constant of InGaAsN layer by the same method as was
used for the GaAsN layer. The lattice constants and elastic
parameters of GaAs, InAs, GaN and InN that were used in the
calculations are shown in Table I [17], [18]. Assuming
coherent interfaces the parallel lattice constant of all layers
were assumed to be identical to the GaAs substrate and
Poisson’s ratio v was assumed equal to that of the GaAs
substrate 0.322 [19]. This is because the nitrogen fractions are
low, of the order of 0.3% to 1.2% and the Indium fractions are
also low, expected to be about three times these fractions.
Therefore all layers are very close to the composition of GaAs
and so this assumption would seem reasonable in the absence
of better data on Poisson’s ratio.

TABLE I
THE PARAMETER VALUES
Parameter GaAs InAs GaN InN

Lattice constant, a, (A) 5.65325 6.0583 4.5 4.98
Elastic constant, C; (10''N/m?) 1.174 0.833 2.93 1.87
Elastic constant, C;, (10''N/m?) 0.526 0.453 159 125

The results from all samples in each set are summarized in
Table II. The values of the In fraction x shown in the table
were found from an analysis of the In,Ga; ,As/GaAs MQWs
by the method explained above and in [20]. The negative sign
of the InGaAsN-GaAs peak separations in Table II indicate
the InGaAsN layers were on the left side of the GaAs substrate
and therefore compressively strained. For tensile InGaAsN
layers when the peaks are on the right side of the GaAs
substrate, their peak separations have a positive sign. The
estimated values of N fraction y in Table II were calculated

from the GaAsN-GaAs peak separations and are only
estimates of the N composition of each sample. The values of
x at which the separation between InGaAsN layer and GaAs
substrate peaks should be zero were determined from the plots
in Fig. 5. The plot allows determination of x required to
exactly cancel the strain in a GaAsN layer of known
perpendicular d-spacing. The errors in determined the peak
positions from all HRXRD spectra were about +3.5 arcsec as
shown in the table and this contributes an error in the In
fraction of about £0.001.

TABLE II
THE EXPERIMENTAL RESULTS
OtnGaasn 0GasN - xat
Set  Sample Hon Oouss ¢ (iO.gOOI) Snusar
(#3.5 (#3.5 (#0.001) (Estimate) Gaas=0
arcsec) arcsec) (£0.001)
S2071009 +35.1 184.7 0.008 0.0035
S1011209 1113 205.2 0.017 0.0038 0.009
S2011209 -93.7 183.8 0.015 0.0034
S4011209 +52.1 168.2 0.006 0.0031
S1280110 -171.8 229.4 0.022 0.0043
$2280110 +96.2 4143 0.017 0.0077 0.017
S1290110 -115.7 278.9 0.022 0.0052
$2290110 -46.6 322.8 0.020 0.0060
S1070311 -137.6 383.3 0.029 0.0072
$2070311 +86.5 375.7 0.015 0.0070 0.021
* S1090311 -48.7 394.5 0.025 0.0074
S2090311 +155.7 388.2 0.013 0.0073
S2310111 +40.2 637.8 0.032 0.0119
S1020211  -1833  608.7 0.043 0.0114 0.033
S1100211 -152.5 526.4 0.037 0.0098
S2100211 +95.0 526.6 0.024 0.0098
S1230211 -65.3 637.7 0.039 0.0119 0.035
$2230211 +106.0 492.2 0.021 0.0092
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InGaAsN-GaAs Peak Separations (arcsec)

-250

-300

0 0005 001 0015 002 0025 0.03 0.035 004 0.045 0.05
In Fraction (x)

Fig. 5 A plot of InGaAsN-GaAs peak separations against x for
various values of y. The y values are estimates only, based on
assumptions that Poisson’s ratio and lattice constants are known and

Vegard’s law holds
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The theoretical relationship between InGaAsN-GaAs peak
separations and In fraction x at various N fraction can be
developed as follows. From Bragg’s law, the observed angle
of the (004) reflection from a tetragonally distorted crystal
with perpendicular lattice constant, ais given by:

f=sin" (j—i) . (%)

By assuming the InGaAsN layers obey Vegard’s Law, the
natural lattice constant of an InGaAsN layer is given by:

aln,cul N, = xya,, + y(l - x)aGaN

6
+ x(l - y)am.s + (1 - x)(l - y)aazm ©
where x is the atomic fraction of In and y is the atomic fraction
of N.
Linear elasticity theory allows us to relate the natural lattice
constant a of a layer to its parallel al and perpendicular a--
lattice constants through:

e ™)

where v is Poisson’s ratio for the material. If all interfaces in a
sample are coherent, the parallel lattice constant of each layer
will be the same as the parallel lattice constant of the GaAs
substrate. Since all values in (7) depend on v, any change in v
will modify this equation and thus the theoretical relationship
between InGaAsN-GaAs peak separations and In fraction x at
various N fraction y also will be different. Therefore it is
important to know the accurate value of the v for the InGaAsN
layers.

By combining (5), (6) and (7) and substituting parameters
from Table I we obtained:

1.58022

6 =sin"
x(0.40505 +0.07495y) —1.15325y + 2.89932

®)

Hence, the peak separations between InGaAsN layer and
GaAs substrate are given by:

O1Gausn - Ogaus= 0 - 33.02682439 ©)

where 6,645y and Og,45 are the Bragg angles associated with
the InGaAsN layer and the GaAs substrate peaks. A plot of
InGaAsN-GaAs peak separations against In fraction x for
various theoretical N fractions y are shown in Fig. 5. All solid
circle data points in the plot are the experimental data from
samples in Table II, while the others are scaled data, obtained
as described below.The diagonal lines in the plot are
theoretical lines for y equal to zero and values between 0.003
and 0.0125 at increments of 0.0005. The horizontal line in the
plot represents zero peak separation between an InGaAsN and
a GaAs layer. From this plot it can be seen that some points
are above the zero peak separation line and others are beneath

it, corresponding to tensile and compressively strained
InGaAsN layers. Although the experiments were intended to
have consistent N fluxes for all samples in each set it was not
the same as it was difficult to achieve constant N fluxes for all
samples grown over one or two days. Therefore, a scaling
method was applied to each experimental data point relative to
a selected experimental data point so that all data points would
lie on the same N fraction line, allowing a line of best fit to be
plotted through all four data points for each set of samples as
shown in the figure. The line of best fit for each set gives the
In equivalent of the N fraction in the GaAsN layer for which
the InGaAsN epitaxial layer would be exactly lattice matched
to the GaAs substrate. By a similar process as that which
resulted in (9), the peak separations between GaAsN layer and
GaAs substrate at different In fractions are given by:

6GaAXN - QGL,AS = 0,— 33.02682439 10)

where 0’ is the Bragg angle associated with a GaAs;. N, layer.
Therefore a theoretical relationship between GaAsN-GaAs
peak separation and x can be plotted as shown in Fig. 6. The
theoretical line was plotted for various values of Poisson’s
ratio between 0.3 and 0.33. Each data point in the plot
represents a set of samples as labelled in the figure. The value
of x for each data point is the amount of In required to exactly
cancel the strain in an GaAsN layer and GaAsN-GaAs peak
separations are the experimental data from the sample selected
as the standard to which other samples within the set were
scaled. From Fig. 6, it is clear that it is important to know
Poisson’s ratio in order to establish a relationship between the
GaAsN-GaAs peak separations and the In fraction. The data
appears to match theory if the value of Poisson’s ratio is about
0.31. This theoretical relationship will be changed if the values
of the lattice constants for GaN and InN tabulated in Table I
are not accurate, likely since literature values quote those to
only two or three significant figures.

700 e

2 4
17 i
4 | Set3b |
3 600 7 "Set3
2 o
_g 500+ 77 i
<] 77
T %
/
& 4007 Z ,
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& 300 /7 Set2 1
% e
O 200t e :
% /Z Set1 V= ggzz
7 v=0.
o 100+ —— - v=031
— —v=0.30
0

0 0005 001 0.015 0.02 0.025 0.03 0.035 0.04
In fraction (X) at zero InGaAsN-GaAs peak separation

Fig. 6 Plot of GaAsN-GaAs peak separations versus In fraction x.
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IV. CONCLUSIONS

We have presented a simple approach to determine the
amount of In required to exactly cancel the strain in a GaAsN
layer in order to calibrate the N fraction. Based on the results
reported in this paper, it is important to investigate Poisson’s
ratio of GaAsN, so the relationship between In and N fractions
at which the strain has been exactly cancelled in an InGaAsN
quaternary alloy can be determined. However uncertainties in
GaN and InN lattice constants could also explain
discrepancies between theory and experiment and the
assumption that Vegard’s law holds is also untested in this
material system. The next step in this study is to determine the
values of Poisson’s ratio for the various N fractions studied to
date.
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