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This paper reported on the prediction and analysis of the optical normalized reflectance (NR) transient of
AlGaAs multi layers and Distributed Bragg Reflector (DBR) using transfer matrix method (TMM). The sim-
ulation result correlated well with the measured NR transient of grown samples. Deviations of AlyGa;_xAs

composition between the expected and real grown sample were predicted successfully. Smaller optical

Keywords:

Normalized reflectance

In situ monitoring

Transfer matrix method
Metal-organic vapour phase epitaxy
Distributed Bragg Reflectors

Vertical cavity surface emitting lasers

material.

oscillation amplitude in the first DBR layer was predicted and could be used as an indication of Al compo-
sition. Special characteristics of NR transient within the first three pairs of DBR were also clarified using
the calculated transmissivity changing with the growth thickness. TMM simulation of NR transient was
thus shown to be a convenient and reliable pre-production technique, also not restricted to the AlGaAs

© 2012 Elsevier GmbH. All rights reserved.

1. Introduction

With the development of metal organic vapor phase epitaxy
(MOVPE), many complex multilayer devices such as VCSELs had
been grown successfully [1,2]. Non-destructive in situ monitoring
of normalized reflectance [3] and reflectance anisotropy spec-
troscopy (RAS) [4] was incorporated into the MOVPE to improve
the growth technique. Many such reports appeared recently aiming
at the in situ monitoring of growth rate, temperature and compo-
sition of epitaxial layer based on the reflection spectroscopy [5-8].
Parameters of grown layers gained from the NR transient were even
as accurate as ex situ measurements such as SEM and TEM [9]. Thus
it would be reliable if used as the pre-production technique for
evaluating the information of growing layer. However, such appli-
cations had not been reported before. To apply the NR transient as
the pre-production technique, simulation of the time resolved NR
data of expected structure was needed to be carried out first before
the costly fabrication process.

In this work, the numerical calculation of the NR transient of
multilayer structures was carried out based on the transfer matrix
method (TMM). Comparison between the simulated and monitored
reflectance data proved that it was efficient in assessing the growth
equality and calibrating the parameters during the growth process.
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The physical origin of some special peculiarities in the NR transient
of DBR was also clarified.

2. Modeling and experimental
2.1. Modeling

Detailed description about TMM had been presented in Refs.
[10,11]. The main principle of TMM was shown below.

As shown in Fig. 1, parameters n and d were the real part of the
refractive index and thickness of each layer, and the subscript char-
acter indicated different layers. Signals of q, b, ¢, d. . . indicated the
interfaces between these layers. Normal incidence of linearly polar-
ized plane electromagnetic wave on the structure was assumed.

When the electromagnetic wave transmitted through the struc-
ture consisting of m layers, then the following transfer matrix could
be obtained:
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Refractive index and phase change of the ith layer were expressed
by n; and §;. We defined Y=(C/B from Eq. (1). Reflectance R and
transmissivity T were then calculated:
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Fig. 1. Normal incidence of plane electromagnetic wave on a multilayer structure
consisting of layers on an infinite thick substrate.
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To carry out the TMM simulation of the growth process, each
layer was divided into many homogeneous sub-layers, then the
reflectance of grown structure after increasing by a sub-layer could
represent the reflectance at corresponding growth time in the time
resolved NR data. The thickness and refractive index of these layers
were utilized in the simulation. Also the transmissivity of grown
layers at different growth time could be obtained following this
method. And it could be used for explaining the oscillation charac-
teristics of NR transient.

2.2. Experimental

Epilayers were grown on undoped (001) GaAs substrate in
a 3 x 2 planetary MOVPE reactor. The source materials included
trimethylgallium (TMGa), trimethylaluminium (TMAI), and arsine
(AsH3). A pressure of 100mbar and a growth temperature of
970K were used to realize mirror-like surface quality. In situ mea-
surements were performed with LayTec EpiRAS 200 spectrometer
mounted above the viewport of reactor. To reduce the sensitivity of
NR to the surface roughness, the monitoring photon energy E<3 eV
for the optical measurement was chosen.

Two samples were grown, with their SEM images shown in
Fig. 2. The expected grown layers of sample 1 were GaAs buffer,
Alg25Gag 75As, GaAs, Alg4GaggAs, GaAs in turn. Sample 2 was the
Distributed Bragg Reflector (DBR) mirrors, consisting of 23 pairs of
Alg 12Gag ggAs/Alg9Gag 1As layers. The designed central wavelength
of DBR structure was 980 nm.

The normalized reflectance is the reflectance of grown layers
divided by the reflectance of a reference sample. The reflectance of
GaAs substrate Rgaas Was measured prior to each growth process
and used thereafter as reference R,qf, then the NR can be defined
as:

R R

NR = = —
Rref  Rcaas

(8)

3. Results and discussion

3.1. Simulated and monitored NR transient of sample 1 at the
monitoring photon energy of 2.3 eV (539.1 nm)

In Fig. 3, the simulated and measured NR transients were shown
with the refractive index profile shown to identify each layer.
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Fig. 2. SEM images of grown samples: (a) sample 1 and (b) sample 2.

FP oscillations of NR transient were observed due to the optical
interference. The amplitude of FP oscillation was damped for each
layer due to the optical absorption. The converged value of this FP
oscillation was determined only by the optical constants (refrac-
tive index n and extinction coefficient k) and could be used for
distinguishing the Al composition of each layer [12].

The relationship between the compositions and converged val-
ues of simulated NR were gained, as shown in Fig. 4. Also the
compositions and converged values of real grown layers were
shown. The composition of real grown sample was calibrated by
XRD. The Al compositions for each layer were 0, 0.255, 0, 0.352,
0, while the expected one were 0, 0.25, 0, 0.4, 0. We could see
from Fig. 4 that the simulated result was accurate in predicting
the composition deviation. Thus it would be useful in predicting
the compositions of grown layers during the growth process. In
fact, the growth parameters such as the source flow etc. could be
changed in real time when the average value of NR was found to be
deviant during the above process.
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Fig. 3. (a) Simulated NR transient of sample 1, with the refractive
index shown to identify different layers, corresponding layers was
GaAs/Alp25Gag75As/GaAs/Alp4GapsAs/GaAs and (b) monitored NR transient
during the growth process of sample 1.
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Fig. 4. Al compositions and their corresponding converged NR of grown layers, red
line was the fitted relation of converged NR and Al composition from the simulation;
while the blue triangle represents the results from real monitoring. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

3.2. Simulation and in situ monitoring of DBR structures with a
central wavelength of 980 nm at monitoring photon energy of
2.6eV(477nm)

Distributed Bragg Reflector (DBR) was widely used in the opto-
electronic devices such as vertical cavity surface emitting lasers
(VCSELs) [13], resonant cavity light emitting diodes (RCLEDs) [14],
etc. A good control of the growth process of DBR would be helpful
to improve the device performance.

In Fig. 5, the measured reflectance transient during the growth
of sample 2 was shown alongside a schematic cross section. Due to
the limited penetration depth of incidence light and the periodic
layer structure, periodicity of NR transient for each pair of layers
was expected, as was shown in Fig. 5(b). Also the signal level of the
whole transient slightly decreased from layer pair to layer pair due
to the optical absorption.

Fig. 6 gives detail from the simulated and monitored NR tran-
sient of DBR structure, with the refractive index shown to identify
each layer. The NR transient started with an increase within the
layer whose refractive index was higher than the layer below, vice
versa. The optical thicknesses of alternating layers were 324 nm and
284 nm at the growth temperature of 970K. Thus only one maxi-
mum and one minimum appeared in the NR transient of each layer
for DBR structure at the incident optical wavelength of 477 nm.

The amplitude of FP oscillation in simulation was larger than
measured one in Fig. 6. Lower amplitude of FP oscillation indicated
weaker optical interference, which was originated from the opti-
cal loss in the grown layers. Optical loss might be caused by the
roughness of growing surface. This indicated that the monitoring
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Fig. 5. (a) Schematic cross section of DBR structure and (b) corresponding NR tran-
sient at E=2.6 eV (447 nm) measured during growth.
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Fig. 6. Details of time-resolved normalized reflectance simulation and measure-
ment of DBR together with a schematic refractive index profile. The line shows the
simulation, the dots represent the measured data.

photon energy of 2.6 eV still could not fully eliminate the influence
of interface roughness.

The reflected optical field at the GaAs and Aly12GagggA inter-
face was very weak due to their low refractive index contrast in
Fig. 6. Also the optical absorption in these two layers was very large
because of their narrow energy band. Thus very slight oscillation of
NR transient was expected in the first Aly 12 Gag ggAs layer, as shown
in Fig. 6. This slight oscillation could be used for identifying the Al
composition of the first grown layer. If the AlpgGag1As layer was
grown first, the amplitude would be much bigger because of larger
refractive index contrast between the Aly9Gag 1As and GaAs.

Exact periodicity of the reflectance transient started from the
fourth pair of layers, as was shown in Fig. 6. To explain this peculiar-
ity, the optical transmissivity relative to the NR transient of grown
structure was calculated, as shown in Fig. 7.

Due to the optical absorption, the transmissivity of grown
structure decreased rapidly with the grown thickness. The trans-
missivity decreased to <0.1 after the growth of the first three pairs
of DBR near the substrate, thus the optical penetration depth could
be estimated as three pairs of alternating layers in the DBR. The NR
transient of the first three pairs of DBR could be influenced by the
optical field reflected from the rough interface between the buffer
layer and the first Alg 12Gag ggAs layer. But the NR spectrum of other
layers could not be influenced by this interface due to the limited
penetration depth. So the NR spectrum in the first three pairs of
DBR near the substrate was different from other layers. Thus the
appeared characteristics of NR transient within DBR were clarified.
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Fig. 7. Calculated transmissivity of grown structure during the DBR growth process,
with the refractive index profile of grown DBR structure.
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4. Conclusions

For predicting and calibrating the growth process, a TMM sim-
ulation of the normalized reflectance transient was carried out.
The NR transient calculated from the TMM is in good agreement
with the measured one. Valuable information about the growth
process of AlGaAs layers can be extracted from the simulated NR
transient. Calibrating the growth process using simulated NR was
achieved. Such a simulation is of course a convenient and precise
preproduction technique, offering additional advantages over the
conventional after grown analysis.

In addition, this method could be realized for any sample struc-
tures, with only the sample structure and refractive index as the
key parameter. Our proposed method could also be widely applied
to simulate the in situ monitoring process for any other materi-
als. New insights regarding the simulation and analysis of growth
process for optoelectronic devices are expected soon.
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