
ORIGINAL ARTICLE

Process control model for growth rate of molecular beam epitaxy
of MgO (111) nanoscale thin films on 6H-SiC (0001) substrates

Ghulam Moeen Uddin1
& Katherine S. Ziemer2 & Abe Zeid1

& Yung-Tsun Tina Lee3 &

Sagar Kamarthi1

Received: 1 July 2016 /Accepted: 28 October 2016
# Springer-Verlag London 2016

Abstract Magnesium oxide (MgO) is a good candidate for an
interface layer in multifunctional metal-oxide nanoscale thin-
film heterostructures due to its high breakdown field and com-
patibility with complex oxides through O bonding. In this re-
search, molecular beam epitaxy (MBE) is used to deposit 10 nm
to 15 nm MgO single-crystal films on silicon carbide with hex-
agonal polytype 6H (6H-SiC) to serve as an interface layer for
effective integration of functional oxides. In this work, the effect
ofMBE process control variables on the growth rate of theMgO
film measured in nanometers per minute is investigated.
Experiments are conducted at various process conditions and
the resulting MgO film growth rate at each combination of pro-
cess conditions is measured. The process control variables stud-
ied are the substrate temperature (100 °C – 300 °C), magnesium
source temperature (328 °C – 350 °C), plasma intensity (0 mV –
550 mV), and percentage oxygen on the starting surface of 6H-
SiC substrate (9 % – 13 %) after the substrate is prepared by
high-temperature hydrogen etching. The film thickness is com-
puted using the effective attenuation length (EAL) of silicon
photoelectron peak intensity as measured by x-ray photoelectron
spectroscopy (XPS). The film thickness is converted to growth
rate by dividing it with the duration of film growth. Using the
experimental data, a neural network model is developed to esti-
mate growth rate for any given process variable combination.

From this neural network model, multiple replications of data
were generated to conduct a 3-level full factorial design of ex-
periments and response surface-based analysis. The study re-
veals that the plasma intensity has the most significant influence
on growth rate. The results indicate that growth rate is relatively
low on high-quality substrates with √3 × √3 R30° reconstructed
6H-SiC (0001) surface with optimum oxygen content (approxi-
mately 10 %); in contrast, the growth rate is relatively high on
substrates with high surface roughness and excessive oxygen on
the starting substrate surface.
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1 Introduction

Much research in the field of next-generation nanoscale de-
vices is based on vertically stacked multifunctional metal-
oxide nanoscale thin-film heterostructures, such as the integra-
tion of perovskite ferroelectrics like barium titanate (BTO) and
hexagonal ferrites like barium hexaferrite (BaM) on semicon-
ductor substrates [1, 2]. The control over the processing pa-
rameters of the molecular beam epitaxy (MBE) process is
critical to the quality and growth rate of the MgO thin films.
Many research groups have investigated the relation between
the quality of MgO thin films and processing parameters, but
the relation of processing parameters and the growth rate of
MgO thin films has not been investigated yet. Craft et al. [3]
studied the impact of the critical parameters such as substrate
temperature, magnesium effusion cell temperature, and oxy-
gen pressure in the MBE chamber on the crystal structure
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quality of MgO thin films grown on GaN substrates. Chen
et al. [4] demonstrated the growth of high-quality single-crys-
tal MgO (111) thin films on SiC substrates by controlling
substrate temperature, oxygen pressure in the MBE chamber,
and temperature of magnesium effusion cells. MgO (111) (the
magnesium oxide 111 surface) thin film template-assisted
growth of these functional oxide nanoscale thin films—with
excellent chemical and crystalline uniformity—on wide band
gap silicon carbide with hexagonal polytype 6H (6H-SiC)
(0001) have been demonstrated by various researchers [5–8].
Again, the quality of the MgO thin films was reported to be
dependent upon tight control on the parameters, such as sub-
strate temperature, temperature of the magnesium effusion
cells, oxygen plasma pressure in the chamber, and plasma
intensity.

The MgO (111) template interface helps reduce the struc-
tural mismatch between 6H-SiC (0001) substrates and the
more complex metal-oxide functional films due to the pseudo
hexagonal structure of the 111 face and the oxygen–oxygen
atom spacing in the MgO. The integrity of the crystalline
structure of the MgO (111) film is very closely related to its
atomic composition, and both are very sensitive to the (a)
process control variables of theMBE system and (b) thickness
of the film. In particular, the structural strain mismatch i.e.,
tensile strain in the <110> direction and compressive strain in
the <112> direction causes an inherent twist in the growth of
MgO (111) films. This structural strain mismatch is a key
concern to the single-crystal character of the films as they
grow thicker [9].

When subject to high temperature hydrogen cleaning pro-
cess, the 6H-SiC (0001) substrate surface is terminated by a
(√3 × √3) R30° reconstruction, which contains a silicate
adlayer [9–13]. The pseudo hexagonal atomic arrangement
in the silicate adlayer on the 6H-SiC (0001) and MgO (111)
plane are shown in Fig. 1. The oxygen atoms of the MgO
(111) film monolayer overlay the 6H-SiC (0001) surface with
a 3.3 % tensile mismatch [2]. The response of the structural
strain in the <110> and <112> directions is tensile and com-
pressive, respectively [9].

The 3.3 % lattice mismatch between MgO and SiC is com-
plicated by any additional strain introduced by the MgO film
deposition process in response to the process control vari-
ables, such as substrate temperature, magnesium source tem-
perature, plasma intensity, and percentage starting oxygen
content. Previous research by the authors’ research group
has shown that under optimal processing conditions, two-di-
mensional-growth can be maintained for up to 15 nm to 20
nm. Once the film is 30 nm thick or more, the film shows
three-dimensional quality as indicated by reflection high-
energy electron diffraction (RHEED), surface roughness from
atomic force microscopy, and cross-sectional imaging by
tunneling electron microscopy [3]. Thus, the thickness of the
film is a critical dimension for ensuring that the MgO (111)
film is an effective template layer to integrate a functional
oxide on 6H-SiC substrates. This is the primary reason why
the relationship between the process control variables and the
growth rate of the MgO (111) films is studied in this work.

In this work, a neural network-assisted response surface-
based analysis was conducted to understand the dynamics and
interplay between the growth rate and quality of an MgO film
grown on 6H-SiC substrate in response to the changes inMBE
process control variables. In this study, film quality is charac-
terized by crystallinity of the film (single-crystal 111
orientation) through RHEED and atomic concentration and
Mg–O bonding states as determined by X-ray photoelectron
spectroscopy (XPS).

2 Experimental procedure

Film deposition experiments were conducted using the ultra-
high vacuum (UHV) chamber shown in Fig. 2. There is a
connected UHV analysis chamber containing the XPS, to
which the sample can be transferred without exposure to lab-
oratory atmosphere. The 6H-SiC substrates (on-axis, resistiv-
ity 0.073 ohm-metre) were obtained from CREE Tech, the
low-temperature effusion cell is supplied by SPECS
Scientific Instrument, and the Mg shavings (99.98 % pure)

Fig. 1 Schematic of O bridge
assisted growth of 30° rotated
pseudo hexagon of MgO (111) on
high-temperature hydrogen
cleaned, silicate adlayer
terminated and (√3 × √3) R30°
reconstructed 6H-SiC (0001)
surfaces
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were purchased from Alpha Aesar. The O plasma is generated
by the Oxford Applied Research Ltd. Remote oxygen RF-
plasma source and the plasma intensity (mV) is measured by
optical photodiode. TheMg source’s temperature (°C) is mea-
sured by a thermal sensor positioned inside the effusion cell
while the substrate’s temperature (°C) is monitored using a
back-face thermocouple installed in the substrate mount.

After cleaning the 6H-SiC substrates using an ex situ high-
temperature hydrogen etching-based process, the substrates were
transferred to the UHV chamber and characterized by RHEED
andXPS prior toMgO film deposition. Epitaxial growth ofMgO
films is perfumed in situ by exposing the surface to Mg and O
atomic species fluxes simultaneously. The details of the process
were provided in an earlier publication [6].

3 Input process and output diagram

Figure 3 shows the input-process-output (IPO) diagram of the
MBE process. The process control variables are shown on the
left hand side, the noise factor on the top, and the key perfor-
mance indicator on the right hand side of the process box. The
measured values of the process control variables are likely to
have minute variations (≈1 % of a desired setting). Plasma
lighting is not a very precisely controllable variable. For a
specific value of the plasma intensity, the plasma power may
vary significantly, so it is considered an uncontrollable
variable.

As the film is being deposited on a substrate, the quantity of
the substrate-generated photoelectrons that reach the film-
vacuum interface without energy loss decreases. This photo-
electron attenuation is directly proportional to the thickness of
the film being grown. By knowing specific properties (densi-
ty, valence level, etc.) of the film, as well as the system

geometry and electron energies, it is possible to estimate the
film thickness from the degree of attenuation of photoelec-
trons emanating from the substrate. In this work, photoelec-
tron intensity is measured in situ by XPS. In order to calculate
the film thickness, Si2p3 scans were conducted both before
and after the deposition of the MgO films on SiC substrates
using Electron Effective-Attenuation-Length (EAL) Database
or Standard Reference Database 82 provided by the National
Institute of Standards and Technology (NIST) [2, 14, 15].
Figure 4 shows the relationship between the thickness of the
MgO film in Angstroms, TMgo, and silicon signal attenuation,
Sipost / Sipre, where Sipost is the total area under the curve of the
silicon (Si2p3) peak after the MgO is grown on the substrate
and Sipre is the total area under the curve of the silicon (Si2p3)
peak before the MgO is grown on the substrate. The logarith-
m i c b e s t f i t c u r v e f o r t h e p l o t i s g i v e n b y
TMgO = 1.0134 – 26.99 ln (Sipost / Sipre). It has an R2 value
of 1. Here, R2 is the coefficient of determination, which indi-
cates the proportion of the variance in the dependent variable
that is predictable from the independent variable.

The definitions of the process control variables and the key
performance indicator are presented below.

Growth time (min) It is the time between opening and clos-
ing of the shutter in front of the substrate mount inside the
chamber. The shutter allows or blocks the magnesium flux
from reaching the surface of the substrate.

Substrate temperature (°C) It is the temperature measured
by a thermocouple installed inside the substrate mount. It is
measured by the electronic feedback control system installed
on the MBE equipment.

Magnesium source temperature (°C) It is the temperature of
magnesium chips measured by a temperature sensor posi-
tioned in the effusion cell. It is controlled by the electronic
feedback control system installed on the equipment.

Atomic oxygen percentage on starting substrate surface It
is the amount of oxygen on the surface of the SiC substrate
after cleaning. It is measured by XPS analysis as a percentage
of the overall chemical composition of the cleaned surface.
The oxygen content on the starting surface is included as an
input parameter because it strongly relates to the MgO film
composition and structure.

Plasma intensity (mV) It is the intensity of the photons emit-
ted by the cracked oxygen asmeasured by the optical emission
detector (mV) installed on the remote oxygen source.

Plasma power (watts) It is the power applied to the RF-
plasma source to convert oxygen gas into reactive atomic
oxygen. This variable is kept constant for each experiment,

Fig. 2 Schematic of MBE growth chamber showing the equipment
positioning
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and the drift in the value (watts) is manually adjusted to bring
the variable back to its desired value in the experiment.

Growth rate (nm/min) It is computed by dividing the thick-
ness (nm) of MgO film estimated using the EAL database by
the growth time allowed for film growth.

4 Experimental data

Based on the authors’ previous experience with analyzing
MBE process [6, 7], a mixed level full factorial design of
experiments was designed to study the correlations and asso-
ciations between the critical process control variables and
MgO film growth rate.

The control variables for the design of experiments are sub-
strate temperature (two levels: 100 °C and 300 °C), magnesium
source temperature (two levels: 328 °C and 350 °C), and plasma
intensity (three levels: 0 mV, 305 mV, and 505 mV). Data was
collected at these 12 combinations of substrate temperature,
magnesium source temperature, and plasma intensity. For these
12 settings, percentage oxygen content of the starting surface
varies randomly between 10 % and 13 % because it was hard
to control these parameters precisely to a target value. Similarly,
growth time varies between 3.75 minutes and 10 minutes be-
cause each experiment takes a different time period to complete.
All the experiments were performed at a background chamber

pressure (plasma pressure) of 6.666 × 10–4 Pa (or 5 × 10–
6 Torr). The detailed design of experiments with specific values
for each of the control variables is presented in Table 1. For
example, run (treatment) 1 is conducted at substrate temperature
of 100 °C,Mg source temperature of 328 °C, plasma intensity of
0 mV, and percentage starting oxygen of 0.1152. At this operat-
ing condition, growth time, film thickness, and growth rate were
recorded as 5.00 minutes, 0.1024 nm, and 0.8889 nm/min, re-
spectively. Plasma intensity varies during the growth experiment,
so it was adjusted to keep it close to the desired values. During
the experimentation, the plasma intensity varied between 300
and 310 mV for mid-level setting and 500 and 510 mV for
max-level setting. Therefore, they are recorded as 305 and
505 mV, respectively.

5 Neural network-based process model

From Table 1, it is obvious that there are 12 experimental runs.
These experiments require a lot effort, time, and resources to
conduct. However, 12 runs are not a sufficient basis for a
response surface-based analysis. To address this limitation,
an MBE process model of the form y = f(x1, x2, …, xn) + ε
from the experimental data was built. The process model was
built such that it captures the response (growth rate y) behavior
of the MBE process over the 4-dimensional covariate space
defined by x1 = substrate temperature (°C), x2 = Mg source
temperature (°C), x3 = plasma intensity (mV), and x-
4 = percentage starting oxygen. Here, ε represents the model
residue term or estimation error. Considering that the relation-
ship y = f(x1, x2, …, xn) + ε between the response variable (y)
and the covariates is highly nonlinear, a multilayer neural
network model instead of a multiple linear regression model
was used. A multilayer neural network is an appropriate mod-
el to estimate a functional form of a curved relationship, espe-
cially when the unknown function has complex shape which
cannot be converted to a linear relationship by some transfor-
mation. Multilayer neural networks are an important class of
highly connected feed-forward neural networks. They are well
accepted as good approximation models of nonlinearities in
the training data [8, 9].

Fig. 3 Input-process-output
(IPO) diagram for MBE process
to grow MgO (111) nanoscale
thin films on 6H-SiC (0001)
substrates

Fig. 4 Thickness versus attenuation plot based on EAL calculations
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Amultilayer neural network contains feed-forward connec-
tions with a layer of input nodes, one or more layers of hidden
nodes, and a layer of output nodes [16]. The input signal
propagates forward layer-by-layer with every node in the hid-
den and output layers representing a smooth and differentiable
nonlinear activation function. The number of hidden layers
and the number of nodes in each layer are neural network
architecture design parameters. The best neural network archi-
tecture was determined for this application by systematically
varying these design parameters and then verifying the neural
network performance in terms of accurately modeling the re-
lationship between process input variables and response vari-
able. Figure 5 presents the architecture of the neural network
model selected for this application. It has four input nodes
corresponding to four process variables (substrate tempera-
ture, magnesium source temperature, plasma intensity, and
percentage starting oxygen) and one output node for the re-
sponse variable (growth rate). In between input and output
layer is an 11-node hidden layer.

The neural network was trained using the data from
Table 1. This data set was randomly spilt into ten training
records and two validation records. The network was trained
with ten records and the training process was cross-validated
with two remaining records. This process of splitting data and
training the neural network was carried out many times to
check the neural network training behavior.

Figure 6 presents the convergence of training error and
validation error through thousands of training iterations. The
neural work training and validation error kept converging up
to 22,000 iterations, though with decreasing rate (see Fig. 6).
Accordingly, the neural network was trained through 22,000
iterations using all 12 data sets listed in Table 1 to have a good
data-driven model.

The scatter plot of the predicted versus the actual values for
train data gave an R2 value of 0.98. This confirms that the

neural network model is able capture the response behavior
of the MBE process well and the fit of the model is very good.

6 Response surface model

The neural network model was used to generate data for 3-
level full factorial design on experiment with eleven replica-
tions for each run [6]. The settings for each run are given in
Table 2. The neural network model was used to predict the
responses for these runs.

Using this data, a response surface regression model was built
for studying main effects and interaction effects of process con-
trol variables on the response variable. Both the R2 and the ad-
justed R2 values for response surface regression was 0.94, which
indicates a desirable level of goodness of fit. Figure 7a presents
the coefficients of the response surface regression model of the
four input variables and one response variable.

Table 1 The design of
experiments for the growth rate
study

No. Substrate
temperature
(°C)

Mg source
temperature
(°C)

Plasma
intensity
(mV)

%
starting
oxygen

Growth
time
(min)

Film
thickness
(nm)

Growth
rate (nm/
min)

1 100 328 0 11.5225 5.00 0.1024 0.8889

2 100 328 305 9.3099 5.00 0.0792 0.8503

3 100 328 505 10.9137 7.00 0.1135 1.0395

4 100 350 0 10.1568 10.00 0.0977 0.9616

5 100 350 305 10.7638 6.00 0.1496 1.3895

6 100 350 505 12.1559 4.00 0.2094 1.7227

7 300 328 0 10.4447 5.00 0.0353 0.3378

8 300 328 305 11.0679 5.00 0.0897 0.8104

9 300 328 505 12.4208 4.00 0.1775 1.4289

10 300 350 0 11.1137 4.00 0.0335 0.3012

11 300 350 305 11.0221 7.00 0.1741 1.5793

12 300 350 505 12.0204 3.75 0.1683 1.4001

Fig. 5 Architecture of multilayer perceptron (MLP). It was trained to
serve as a process model
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7 Results and discussion

This section discusses (a) the effect of the individual process
control variables on the growth rate using marginal mean
plots; (b) the significance of individual process control vari-
ables, their quadratic terms, and their two- and three-way in-
teractions to the growth rate using Pareto chart of coefficients;
and (c) the effect of key critical variable interactions on the
growth rate using response surface method.

7.1 Marginal mean plots and Pareto of coefficients

Figure 8 presents the marginal mean plots drawn from the
response surface model.

The increasing substrate temperature slows down the growth
rate of the film as shown in Fig. 8. However, the increase in
magnesium source temperature, plasma intensity, and percentage
starting oxygen content promotes the growth rate (Fig. 8). It is
important to note that the rise in the starting oxygen content
reduces the structural and chemical quality of the MgO film [6,
7]. The Pareto of response surface regression model coefficients
(see Fig. 7b) reveals that the plasma intensity has the most sig-
nificant influence on growth rate; both the main and quadratic
terms have influence on growth rate. After the plasma intensity,
in descending order, the variables that affect growth rate are the
substrate temperature, percentage of starting oxygen, and mag-
nesium source temperature. The growth rate also depends on
interaction of substrate temperature, plasma intensity, and per-
centage starting oxygen on substrate surface. The interaction

between the substrate temperature and plasma intensity is signif-
icant. However, this interaction needs to be further studied with
respect to varying starting oxygen content. The response surface
plots were employed to investigate this interaction at two levels
of the two levels of the starting oxygen content.

7.2 Response surfaces analysis

The optimum value for magnesium source temperature (340 °C)
that delivers a highly crystalline and chemically stoichiometric
(∼1:1) MgO (111) film [9, 17, 18] for the response surface re-
gression was used. In an earlier work [8], the authors labeled
substrates as categories 1, 2, and 3 depending on the level of
successful cleaning for elimination of starting oxygen content.
The levels of starting oxygen content have been categorized
based on the structural and chemical characterization and their
impact on the quality of MgO thin films have been presented in
the authors’ earlier work [9, 19]. Category 1 represents the ef-
fectively cleaned and well-reconstructed samples with crisp sec-
ond Lau rings on RHEED and an oxygen content between 7 %
and 10% of the overall surface chemistry. Category 2 represents
the ineffectively cleaned surface showing only the primary signs
of (√3 × √3) R30° surface reconstruction with dim second Lau
rings, and an oxygen content between 10 % and 12.5 % of the
overall surface chemistry. Category 3 represents the poorly
cleaned surface with no signs of the (√3 × √3) R30° reconstruc-
tion, and oxygen content above 13 % of the overall surface
chemistry.

In the present work, the response surface at two different
values of percentage starting oxygen, i.e., 10 % and 13%
representing category 1 and category 3 of cleaned surfaces
of the 6H-SiC substrates, respectively (Figs. 9 and 10) [8],
was plotted. Category 1 substrates are the high-quality sub-
strates with √3 × √3 R30° reconstructed 6H-SiC (0001) sur-
face with optimum oxygen content. However, the category 3
substrates have excessive oxygen on the surface and high
roughness [8].

Higher substrate temperatures slow down the film growth rate
for both category 1 (good-quality film surface with O = 10 %)
and category 3 (bad-quality film surface with O = 13 %) sub-
strates especially at the low (0 mv -100 mV) and medium
(100mV - 350 mV) values of the plasma intensity. Therefore,
its impact on the growth reaction is independent of the reactivity
of the oxygen. The minimum and maximum of growth rate
values (nm/min) along the substrate temperature at 0 mV plasma
intensity are ≈0.3 nm/min and 0.7 nm/min on a category 1 sub-
strate and 0.5 nm/min and 1.1 nm/min on a category 3 substrate
(Figs. 9 and 10).

Previous studies [9, 17–19] have shown that increased oxy-
gen content on the starting surface leads to low-quality films;
specifically, it results in the loss of the (111) single-crystal orien-
tation necessary for integration of complex functional oxides.
The excessive oxygen on the surface of the substrate in

Fig. 6 MLP training and validation error convergence graph

Table 2 Settings for data generation for building response surface
model

Variable Min Mid Max

Substrate temperature 100 200 300

Mg source temperature 328 340 350

Plasma intensity 0 270 505

% starting oxygen 10 11 12

Int J Adv Manuf Technol



Fig. 10, especially along the increasing substrate temperature,
indicates that the O–O bridge formation at the interface of the
film and substrate, which controls the alignment of the 111-
orinetaion, is what slows down the growth rate in the initial
stages of the deposition. At the growth of the first few mono-
layers, the growth rate would be slow during the interface for-
mation between the pseudo hexagons of √3 × √3 R30° recon-
structed 6H-SiC (0001) and MgO (111).

Therefore, the growth of high-quality MgO (111) nano-
scale thin films would always face a two-stage growth rate
situation. If there is excessive oxygen on the starting sur-
face of substrate (13 % and more), the film loses the (111)
characteristic but grows much faster. There is trade-off be-
tween growth rate and film quality. It is important to note
that growth rate must be weighed against the quality of the
films grown. As this study provides a collective view of
deposition process, what remains as an unexplored possi-
bility is the impacts of different process variables on the
first versus the second stage of this two-stage film growth
process.

Plasma intensity clearly has a significant impact on
growth rate irrespective of the percentage starting oxy-
gen on the surface of the substrate. The stronger gra-
dients along the plasma intensity at the higher side of
the substrate temperature (Figs. 9 and 10) suggest that
the reactivity of the oxygen drives the growth rate of
MgO nanoscale thin films. However, the min and max
values of the growth rate along plasma intensity at
lower substrate temperature for category 1 substrate
surface are 0.7 nm/min and 1.3 nm/min and 1.1 nm/
min and 1.5 nm/min for category 3 substrate. This
again suggests that the growth of high-quality film is
slower than the low-quality films grown on category 3
substrates. Moreover, the high-quality films grow faster
at higher values of plasma intensity (300 mV and
above) and lower values of substrate temperature (100
°C - 150 °C). If crystallinity is not a quality goal, then
increasing the plasma power on a high oxygen-content
substrate will significantly increase growth rate of MgO
film.

A B

Fig. 7 a Response surface
regression model for growth rate
(nm/min). b Pareto of model
factors base their coefficient size

Fig. 8 Marginal mean plots for main effects of process input variables (A = substrate temperature, B = magnesium source temperature, C = plasma
intensity, and D = percentage starting oxygen)
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Fig. 9 Interaction between substrate temperature and plasma intensity at two
levels starting oxygen on substrate surface. aResponse surface atB = 340 °C
and D = 10 %. b Response surface at B = 340 °C and D = 13 %;

(A = substrate temperature, B = magnesium source temperature,
C = plasma intensity, and D = percentage starting oxygen)

Int J Adv Manuf Technol



Fig. 10 Interaction between substrate temperature and plasma intensity
at two levels starting oxygen on substrate surface at B = 340 °C and
D = 13%: a response surface at B = 340 °C and D = 10% and b

response surface at B = 340 °C and D = 13%. A substrate temperature,
B magnesium source temperature, C plasma intensity, D percentage
starting oxygen)

Int J Adv Manuf Technol



8 Conclusions

To summarize, the response surface regression model suggests
that for the ranges of control variables in the MgO study, i.e.,
magnesium source temperature 340 °C, plasma intensity 350
mV - 400 mV, and substrate temperature 140 °C - 200 °C, the
growth rate would follow a two-stage phenomenon on category
1 substrates with growth rate between 0.7 nm/min and 1 nm/min.
For the same ranges of control variables, the growth rate would
be between 0.9 nm/min and 1.3 nm/min for category 3 sub-
strates. The study of variations in band gap with respect to the
different thicknesses of MgO nanoscale thin films grown on
category 1 and category 3 substrates needs to be investigated
to extend on the present work. In addition, the deconvolution
of the mechanisms during the first and second stage of high-
quality film growth could lead to a process control scheme that
would ensure good quality through a slower first stage, and then
increase growth rate while maintaining quality in the second
stage.
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