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Abstract

Amorphous carbon is a non-crystalline form of carbon consisting of a network of random bonds between
carbon atoms. One of a well-known metastable form is diamond-like carbon (DLC) which contains significant amounts
of sp3 bonds. The 5|o3 bonds play a crucial role on the properties of DLC. The fact that DLC contains a significant
amount of the sp3 bonds makes its properties appears to be similar to diamonds. For example, it has a wide band gap
with optical transparency in the visible region. It has high mechanical hardness and is chemical inert. Presently, the
fundamental research on amorphous carbon or short-range ordered system can be considered lacking. More work is
needed in order to extend the understanding on short-range ordered system as well as amorphous in general. From
the theoretical point of view, the study of non-crystalline material is a bigger challenge in comparison with crystalline
materials because the complexity of the atomic disordering and the randomness. The efficient structural model is
needed for the study. Since the microscopic structure is not well-defined, the procedure for generating the test
structures is important. Moreover, several calculating techniques will be needed in order to bring the theoretical
results to compare with experimental observable quantities. The later is needed so that the most probable structural
model can be identified. Once the model is identified, it can be used as a starting point to study the role of hybridized
bonds as well as effects from impuirities.

In this project, we focused our attentions on the structural analysis of carbon-related materials using first—
principles calculation (also known as ab initio calculations). In the beginning, we studied how microscopic structures
(i.e., bonding network and atomic arrangement) affect the properties of materials. The AlGalnP alloy in Zincblende
structure, which almost analogous to diamond structure, was used as a test case for studying the size of structural
model and electronic properties in short-range ordered system. The results suggested an approximate size of unit cell
to acquire a general trend on the electronic properties for system with short-range order [Comp. Mater. Sci. 49, S114
(2010)]. With this confident, we applied the method to study the modification of single layer of carbon atom called
"graphene” with boron nitride (BN) compound [submitted for publication in Phys. Rev. Bl. At this step, this project
presents a better understanding of structural model for non-crystalline or amorphous systems. The atomic
randomness in amorphous system is more complicate than short-range ordered structure and subject for further
works. Once the model is created various measurable properties can be simulated and compare with different
measurement techniques. In conjunction with experimental data, we can extend our current understand on the

microscopic structures and properties of materials in wider aspects.

keyword amorphous carbon, first-principles calculation, diamond, AlGalnP, graphene



Executive Summary

1. Folasanis
1A39851958A VAN ALALANANUATDIAISUDUASIELNTYS
Microscopic structures and properties of diamond-like carbon (DLC)
2. Formtilasinsuazans
9. AS.ASYA F9017550 wag A YR Auldued
Dr. Sirichok Jungthawan and Prof. Dr. Sukit Limpijumnong
3. 5388 HUY
2 U (16 funAu 2552 89 15 dunaw 2554)
4. suUszunalATinig
280,000 Um
5. anudifnsie
g NENd unInendemaluladasund uATTIvENT 30000
3. 044224538, 0869040242 515 044224538
e-mail: sirichok@gmail.com, sirichok@sut.ac.th
6. IWQUszaeAlATINIg
1. AnwilassaiisermeuiavAuantivesTanlaedduuusilsansudiiia (First-principles
calculation)
Anwnavedlasaiaiifdennaudfivesianininsiaididnnsedng

q q

oAUV IIAR

Anwnavesas il
7. flomenide
Tuduusnresnuddeiiduanuneealunisasuvuiiaesezneuifinisdndossauuuls
sufoululnssarsndemys (zincblende) Tnsmsdnwlassarendwiniulassadns ilefnyinavesnisdniGes
Tunuusing q AunmandiidedidnnsednduasAnwvlassaiauaundanuiuguuuunsiniEosesanslussuy 39
wadalutuusndsrsiseguuiiugiuvadlasaiaiindiondeiulnsmdnveunysiivssnoudeiussiaiiuuy sp
wifinmsdniFesnveseznouuandeiuly nuinasuTBvestagaunsainngesain q ldanwaduiieid
gundn liaedivlssansanlunisdan Inenansinuldffiniluansans Comp. Mat. Sci. JIF=1.522)
Mnualutuusn Wfnuauauifvesssuuaivouassdd (unsfiu) Fatdaduiiaulaedranaly
2umsife Tnefnvauanifvesasvouiivdsuludlefimadeseaslusoululasd dslassadreosansiléd
Fnidevhunelifudd 1989 wagldidesanauisdagtu sidetuillfiaueundnvedlasiadeasuanlai
n3desanesdnulunit 22 U Tnsansdinanagnersudesadulasaddiififussuuu sp. wazansluseuly
lassagnensmueniioonainafuewilmandulawuresasuunsuinsiiu naiilfinaulosgiannluns
Usudsulassadsvesunsiulaglduaulvsonlulasdfifintuesinnisusndoonvesansvisans Seenauis
yillunsemuaunuaTRvesansly TnsnansAnwlddaiiofiansandfuiluasans Phys. Rev. B (UIF=3.475)
dmsulassaieesansilifundnuasdinmadssiuuuduiy annsaaduuuiaesdusuan
nmsdnisesinuuguietoulviiozneuusazidssosvinaaindunniign wazdinmumuuiuvesszuulndlass
13934 Inwanunsafmananusuredasaildumioninlasaidussamalbiylasaizosuu
dulapanysal mglassnsvesermesluansiivunliulunssnwidnvasiuszvesszuy msanwilassaiadlsl



JundnIsdesFuanlasaeiiauysaludrrosvharsanufundnsensadutazinesumisvesosneusiig
Tngognelédoulufissydnindruveaiuszuuy sp way sp’ Inaufueg loauundedelunisdiuim
AANTRTDITEUU 1L SruwiuszuazaukiuanueBiinnseu duludesinisdwialassadnediuiy
wnifievhn e seidadaitanududounnn shdetisegssnindiiunis meidslunsaiauuuiians
vodlassaiilidundnasiasliaunseinnesiauausivosnsidesnsdaauinntuniinisUssanaildtuey
Tuilagtu ashlimuumdlunsuiuAsusnausivesmsuasfufadmiunsUssgndAnuidelundyudy
sl

8. NAGNSTLAANNTATINSHALAANTTY
HAMUATINN 1 1309 wagagseninaiasananum 1 \3eq

1. Sirichok Jungthawan*, Kwiseon Kim, and Sukit Limpijumnong, The effects of unit cell

size on the bandgap range in the direct enumeration study of AlGayny,.P, Comp.
Mater. Sci. 49, S114 (2010). [JIF=1.522]

2. Sirichok Jungthawan*, Sukit Limpijumnong, and Jer-Lai Kuo, Electronic structures of

graphene/boron nitride sheet superlattices, Phys. Rev. B (submitted). [JIF=3.475]
EUaNaNUlUNTUTERATINTUILIYIR 4 AT

1. Sirichok Jungthawan and Jer-Lai Kuo, Structural stability and electronic structure of

monolayer BC,N ordered structures, The 13th Asian Workshop on First-Principles
Electronic Structure Calculations (1-3 Nov 2010), POSTECH, Pohang, KOREA

2. Sirichok Jungthawan and Jer-Lai Kuo, Structural stability and electronic structure of

monolayer BC,N ordered structures, 10th Workshop on First-Principles Computational
Materials Physics (21-23 Jul 2010), Taitung, TAIWAN

3. Sirichok Jungthawan, Kwiseon Kim, and Sukit Limpijumnong, The effects of unit cell

size on the bandgap range in the direct enumeration study of AlGalnP alloys, 2010
Annual Meeting of Asian CORE Program (1-2 Mar 2009), Taipei, TAIWAN

4. Sirichok Jungthawan, Kwiseon Kim, Peter Graf, and Sukit Limpijumnong, Direct

enumeration studies of band-gap properties of AlGalnP alloys, ICMAT 2009 (28 Jun-
3 Jul 2009), SINGAPORE
InensFuley 1 sy
1. Invited speaker on EXAFS analysis by Artemis software, 2nd Workshop on X-ray
Absorption Spectroscopy (Jun 2009), Synchrotron Light Research Institute (SLRI),
Nakhon Ratchasima, THAILAND
WHUNMTUTEYNIINTUILIG 1 A

Ne
1. Session Chair in Symposium Q-S11: Materials Modeling at Continuum and
Macroscopic Levels, ICMAT 2009 (28 Jun-3 Jul 2009), SINGAPORE
WuNevinIdesinaUseina 1 Y (@eunsiau 8 Suinau 2553)

1. @o1Uu Institute of Atomic and Molecular Sciences (IAMS), Academia Sinica, Taipei,
TAIWAN Tuiav® Theoretical study of structural arrangement at atomic-nanoscale of

carbon-based materials and its properties



ATARNUIN

HASTUANUN

S. Jungthawan*, K. Kim, and S. Limpijumnong, Comp. Mater. Sci. 49, S114
(2010). DIF=1.522]

UNANUFINTUNITHELNS

naufidsiofansanfnud

S. Jungthawan*, S. Limpijumnong, and J.-L. Kuo, Phys. Rev. B (submitted).
UIF=3.475]

LONATUANINTAINANUANUN

UNARYBNUUTEYLININTUIN VIR

- The 13th Asian Workshop on First-Principles Electronic Structure Calculations
(1-3 Nov 2010), POSTECH, Pohang, KOREA

- 10th Workshop on First-Principles Computational Materials Physics (21-23
Jul 2010), Taitung, TAIWAN

- 2010 Annual Meeting of Asian CORE Program (1-2 Mar 2009), Taipei, TAIWAN
- ICMAT 2009 (28 Jun-3 Jul 2009), SINGAPORE



Computational Materials Science 49 (2010) S114-S118

Contents lists available at ScienceDirect

Computational Materials Science

journal homepage: www.elsevier.com/locate/commatsci

The effects of unit cell size on the bandgap range in the direct enumeration study

of AlyGayIn; _,_,P alloys

Sirichok Jungthawan *®*, Kwiseon Kim ¢, Sukit Limpijumnong *°

2School of Physics, Institute of Science, Suranaree University of Technology and Synchrotron Light Research Institute, Nakhon Ratchasima 30000, Thailand
b Thailand Center of Excellence in Physics (ThEP Center), Commission on Higher Education, Bangkok 10400, Thailand

€ National Renewable Energy Laboratory, Golden, Colorado 80401, USA

ARTICLE INFO ABSTRACT

Article history:

Received 8 September 2009

Received in revised form 21 January 2010
Accepted 21 January 2010

Available online 18 April 2010

Keywords:

AlGalnP

Direct enumeration
Ordering

Bandgap reduction
Bandgap range
Band interaction

Direct enumeration method is an efficient way for scanning alloy properties by computing all possible
configurations. This method thoroughly covers all possible configurations without bias and provides an
informative trend of alloy properties on ordering patterns. In an actual study, the number of possible con-
figurations increases rapidly with the size of the unit cell and usually a reasonable size that give a suffi-
ciently large number of configurations are chosen. In this work, the convergence of the bandgap range
with respect to the unit cell size of AlGalnP alloy is studied up to 8 cation atoms per unit cell. It is found
that the bandgap range already converges to within 0.1 eV when the unit cell size is 4 cation atoms. Inter-
estingly, we also found that the lowest bandgap value of GaInP alloy is achieved already in a small cell (2
cations in the unit cell). The cause for this special small bandgap case is discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Alloying provides a flexible way to engineer electronics and
optical properties of semiconductors to suit the need of new gen-
eration device applications [1-3]. The properties of semiconductor
alloys, especially those of IlI-V alloys, have been extensively stud-
ied in the last decade [1-4]. Several schemes were proposed to ex-
plain the relationship between the properties and the alloy
composition. The simplest and most known scheme (the Vegard’s
rule) assumes a linear dependence between the interested prop-
erty and the alloy composition [5,6]. In reality, most properties
are not linearly dependent with the alloy composition. As a result,
non-linear terms have been proposed to quantify the deviation
from the Vegard’s trend. The most known improved scheme added
a bowing parameter [7]. However, neither the Vegard'’s rule nor its
variants takes into account the ordering of the constituent atoms in
the alloy. It is important to note that, for a given alloy composition,
there are virtually infinite possible arrangements of the atoms in
the alloy. From the theoretical point of view, the direct enumera-
tion method (DEM) has been used to study alloy systems [8-11].
The important elements of the method are the algorithm to gener-

* Corresponding author at: School of Physics, Institute of Science, Suranaree
University of Technology and Synchrotron Light Research Institute, Nakhon
Ratchasima 30000, Thailand. Tel.: +66 44224319; fax: +66 44224651.

E-mail address: sirichok@sut.ac.th (S. Jungthawan).

0927-0256/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.commatsci.2010.01.049

ate alloy configurations [10,12,13] and the practical method to cal-
culate their properties [8,10,11,14-17]. The algorithm to generate
alloy configurations for binary alloy with face-centered cubic
(FCC) and body-centered cubic (BCC) lattice have been proposed
by Ferreira et al. [10]. Later, an efficient algorithm for generating
alloy configurations has been introduced by Hart and Forcade
[18] where the run time scales linearly with the number of distinct
configurations. Recently, an algorithm for generating alloy config-
urations of a non-primitive lattice and application to hexagonal
close packed alloys have been developed [19]. The DEM has been
used to study the bandgap properties calculated by empirical
pseudopotential method (EPM) [14-17,20-23] of several classes
of semiconductor alloys; including the ternary [9-11] and quater-
nary [24] alloys. An advantage of DEM is that it relates the inter-
ested property to the alloy configuration (atomic ordering) in
additional to the composition. From EPM calculation, we have pre-
viously shown that the bandgap of AlGalnP alloy depends strongly
on the atomic ordering in addition to the alloy composition [24]. In
that work, we have also shown that most of the alloy configura-
tions have the bandgaps that are smaller than the values predicted
by the Vegard’s rule. The ordering causes a reduction in the band-
gap; pushing it below the Vegard’s trend [24-26]. The lowering of
the bandgap due to atomic arrangements emphasizes the role of
the alloy configurations (in addition to the alloy composition) in
bandgap engineering. In this work and our previous work [24],
we focused our attentions in studying a complete set of theoretical
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possible arrangements within a given cell size. These complete re-
sults allow us to investigate how the band properties relate to the
atomic arrangements. However, we should keep in mind that many
of the configurations studied might have a very high energy and
difficult to fabricate.

Because there are many distinct alloy configurations for a given
alloy composition, DEM gives the possible range of properties (for
e.g., the bandgap and the electron effective mass) at a given alloy
composition, as well as the relationship between the ordering
and a given property. While a larger cell size gives more possible
configurations (allowing a more complete study) and finer compo-
sition steps, the computational demand is increased rapidly. There-
fore, it is important to investigate the size of unit cell that
sufficiently gives the converged results. In this work, we focus on
the quaternary alloys Al,Ga,In;_,_,P (also called pseudoternary al-
loys that contain three mixed-cations in the FCC sublattice).

2. Calculation

The alloy configurations of AlGalnP are generated by applying
DEM [9,11,24] to a zincblende-based alloy system. The possible
number of alloy configurations for a unit cell containing N cation
n+N-1 )

N
(n — 1,N)!, with n being the number of elements. For AlGalnP alloy,
n=3. A subroutine in the Alloy Theoretic Automated Toolkit
(ATAT) package [28,29] was employed to systematically generate
the configurations. The detail of alloy configurations generated
by ATAT is described elsewhere [24]. Note that, some of the gener-
ated configurations are equivalent by symmetries and the redun-
dant configurations were removed to reduce computation
demand. Using the ATAT codes, the cell size of up to 8 cation atoms
per unit cell (Nnax = 8) provides a total of 9808 distinct configura-
tions. They are composed of 1887 pseudobinary alloy configura-
tions from the three parent binary compounds (3 x 629 AlGaP,
GalnP and AlInP) and 7918 pseudoternary alloy configurations
[see Ref. [24] (Table 1) for detail].

Because the composition of the Al,Ga,In;_,_,P alloys is defined
by two variables (x and y), the composition space can be presented
in a two-dimensional space. We have previously shown that the
two-dimension composition space of this ternary alloy system is
well described by using the transformed coordinates, u=x+y/2
and » = +/3y/2 [24]. This leads to a regular triangle, as shown in
Fig. 1. The parent compounds are located at the vertices and the
circles represent the alloy compositions that can be obtained by
each unit cell size.

To reduce the computation demand, alloy properties of all gen-
erated configurations are calculated by using EPM [14,15]. The
structural relaxation was done by the valence force field method
(VFF) [30-33]. In EPM, the electronic structures are obtained by
solving the simplified Schrédinger equation

atoms is given by the multichoose formula [27], (

Table 1
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Fig. 1. The composition space of the pseudoternary alloy system. The colored
circles show the possible compositions given by each unit cell size (i.e.
N=2,3,4,5,6,7, and 8). Circles on the three edges of the triangle correspond to
the pseudobinary alloys.

{—%vz +;va(r—Rx.n)}wi(r) = &y (r) (M

where the effective pseudopotential is summed over all individual
atoms n (o denotes atomic type). V, is the screened potential for
atomic type o and R, , is the atomic position of atom n (type o) ob-
tained after VFF relaxations. One advantage of EPM (over first-prin-
ciples density functional calculations) is that it provides the
bandgaps that do not need corrections. This is because the parame-
ters are already fitted to the experimental bandgaps. The cutoff en-
ergy of the generated pseudopotentials is 68 eV. The details of the
fitting parameters for the atomic potentials of AIP, GaP, and InP com-
pounds can be found in Ref. [16]. Details of EPM method [14-16] and
electronic structure computation are described elsewhere [24].

For each set of the configurations in a unit cell size, the maxi-
mum and the minimum bandgaps are determined. The possible
range of bandgaps is the difference between the maximum and
the minimum values at a given composition. Because the ordering
of cation atoms can cause a bandgap reduction [24], the larger cell
size, which facilitates more degree of ordering, is likely to provide a
smaller minimum bandgap than the smaller cell size. However, it is
expected that the minimum value of bandgap would converge at a
sufficiently large cell. In this work, the largest cell size used is the
unit cell with 8 cations. The bandgap minima are calculated for cell
size of, Njwax = 4, 5, 6, 7, and 8. The upper bound of bandgap is set by
the Vegard’s rule which represent the disordered alloys [24].
According to Vegard’s rule, the (upper bound) bandgap of Al,.
GayIny_x_,P is

Egap(X,Y) = XEgap (AIP) + yEg,,(GaP) + (1 — X — y)Egap(InP) 2)

The selected alloy configurations with ordering in the [1 1 1] directions. Only the positions of the cations are listed (the position of P atoms are shifted by (0.25, 0.25, 0.25) from
the cation positions). The lattice vectors and the cation positions are in the Cartesian coordinates in the unit of lattice constant.

Alloy configuration Lattice vector

Cation position

Alloy ordering

I (~0.5,0.5,1) (=0.5,1,0.5) (—1,0.5, 0.5)
1l (~1.5,1,1.5) (~1,1.5,15) (-1.5,1.5,1)
lla (~0.5,0,-0.5) (0, —0.5,0.5) (-2, 2,2)
b (~0.5,0,-0.5) (0, —0.5,0.5) (-2, 2, 2)
v (-2.5,2.5,3) (~2.5,3,2.5) (3,2.5,2.5)

Ga: (-2,2,2)

In: (-1,1,1)

Ga: (-1,1,1),(-4,4,4)

In: (-2,2,2),(-3,3,3)

Ga: (-0.5,0,0.5), (-1,0.5,0.5), (-2.5,1.5,2)
In: (-1.5,0.5,1), (-1.5,1,1.5), (-2, 1.5,1.5)
Ga: (-0.5,0,0.5), (-1.5,0.5,1), (-2.5,1.5,2)
In: (-1,0.5,0.5), (-1.5,1,1.5), (-2, 1.5, 1.5)
Ga: (-1,1,1),(-3,3,3),(-6,6,6), (-8, 8,8)
In: (-2,2,2),(-4,4,4),(-5,5,5),(-7,7,7)

(GaP)[|(InP),
(GaP),||(InP),
(GaP)s||(InP)s
(GaP)y||(InP);|(GaP)||(InP),

(GaP)4||(InP),
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Table 2

The calculated bandgap deformation coefficients and the interaction potential V; for
the alloy configurations in Table 1. The values in the parentheses are the experimental
values of the coefficients reported in Ref. [41].

Configuration E(0) (eV) o (meV/GPa) B (meV/GPa?) Vv (eV)
InP Er=0.525 741 -1.71 -

E; =1.362 34.7 -0.80
GaP Er=1.822 89.7 —1.44 -

E; =1.616 34.9 -0.62
Disordered Er=1.173 81.9 (92) -1.57 (-3.3) -
GapslngsP E; =1.489 34.8 (43) -0.71
I E_=0.625 57.3 —-1.47 0.71
11 E_=0.708 65.8 -1.70 0.60
Ia E =0.762 55.9 -0.80 0.56
111b E_=0.657 58.9 -1.95 0.68
v E =0.662 50.3 -3.14 0.67

where Eg,,(AIP), Egap(GaP), and Eg,p(InP) are the bandgaps of AIP,
GaP, and InP, respectively. These bandgap values from EPM calcula-
tion along with the corresponding experimental values are given in
Ref. [24] (Table 2). The convergence of bandgap range is studied by
calculating the possible range of bandgaps as the cell size increased.
Because the possible alloy composition of each cell-size is discrete
in the composition space, a third-degree polynomial function of
the form

AEgpy = a4 bx + cy + dX* + ey? + fxy + g + hy® + ixy’
+jx’y (3)

is used to fit the calculated bandgap range by the least square meth-
od to generate fine-mesh data points for the contour plots. The con-
tour plots of bandgap range for different Ny.x used are shown in
Fig. 2. Note that the bandgap range at all three vertices are zero be-
cause there is only one possible configuration at those points.

3. Results and discussion

The ordering in the crystal structure induces the band interac-
tions that can lower the bandgap. Because a larger cell size pro-
vides more degree of freedom of ordering, new configurations
with lower bandgaps are expected as the cell size used in DEM is
increased. The lowering of the minimum bandgap leads to the
wider possible bandgap range. However, the range of the bandgaps
is expected to converged (within a reasonable tolerance) with the
cell size. The calculated bandgap range for each limited cell size as
a function of alloy composition is shown in Fig. 2. We can see that
the bandgap range is quite large (up to 0.8 eV) for the compositions
near the middle of the composition space (slightly shifted toward
the low Al composition side). The bandgap range is reduced as
we move toward the vertices and goes to zero at the vertices. By
visual observation, we can already see that the contour plots of
the bandgap range for Ny,.x =5 and above are quite similar. The
polynomial function for the contour plot of the largest cell size
(Nmax = 8) is given by

AEgyp = 2.34x +4.12y — 3.18x* — 6.98y? — 5.27xy + 0.84x>
+2.85y° +2.36xy% + 1.32x%y 4)

where the bandgap reduction (AE,,p) is in eV and x, y are the alloy
compositions of Al,GayIn;_,_,P.

To qualitatively determine the convergence of the bandgap
ranges as a function of cell size, we compute the difference be-
tween the bandgap ranges of each Ny, with those of the largest
cell used (Npax = 8). This is done by calculating the average root-
mean-square of the difference (A). The average is done over the en-
tire composition space. First, a 200 x 200 uniform mesh in the
composition space is created. Then, at each point in alloying com-
position (total of 20,301 points), the bandgap range for each Ny, is
calculated from the polynomial fitted function. The root-mean-

Fig. 2. The contour plots of the calculated bandgap ranges of pseudoternary AlGalnP as a function of alloy compositions (u =x+y/2 and v = v/3y/2). Each figure shows the
results of the calculation with a different Ny,,,x. Note that a third-degree polynomial function is used to fit to the calculated data, in order to generate the fine-mesh data for the

plots.
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Fig. 3. The root-mean-square difference (A) of bandgap range for each cell sizes
(Nmax), With respect to Npax = 8. The curve represents the fit to the data.

square of the difference (between that of interested Ny,.x and that
of Nmax = 8) in bandgap range is calculated and the average (A)
over all mesh points are calculated. In Fig. 3, A as a function of Nyax
along with the function (in the form of A = a + bN°) is shown. It is
found that A started to converge (with the tolerant of ~0.1 eV ref-
erenced to the N.x = 8 calculation) already at the cell size contain-
ing 5 cation atoms.

For pseudobinary alloys, AlGaP tends to have a rather large
bandgap range of ~0.5eV (see Fig. 2 for Ny =8). AllnP has an
even larger bandgap range of ~0.6 eV. For GalnP, it is interesting
that the large bandgap range of ~0.6 eV is already observed at a
small cell Npax = 3. This indicates that an ordering that can signif-
icantly reduce the bandgap of GalnP alloy can be represented by a
small cell size. It has been found that the ordering in [1 1 1] direc-
tion of the CuPt ordered structure can give a large bandgap reduc-
tion [9,24]. The crystal parameters of CuPt ordered structure
consisting of 2 cations/cell is shown in Table 1. In general, we
can expect more degree of freedom in ordering to give an increased
bandgap range. As a result, the smaller bandgap configuration
would occur in the large cell size. However, for this special case,
the bandgap of GalnP reduction of CuPt ordered structure provides
the minimum bandgap value for the 50% alloy (Gag sIngsP). This oc-
curs because the conduction state that folded onto the I' point
(from the L point) interacts strongly with the conduction band
minimum at the I" point. Because the folding that causes this inter-
action already took place in the small cell, increasing cell size (al-
low more flexibility of orderings) does not make the interaction
stronger for this particular case. As a result, the bandgap range at
this composition converges at a small cell size. To further investi-
gate the band interaction for this particular case, first-principles
calculations are performed.

We employed first-principles calculations to examine the elec-
tronic structures of several selected configurations ordering in the
[11 1] direction. The crystal parameters and atomic coordinates of
these configurations are shown in Table 1. The calculations were
performed by the ultrasoft pseudopotential approach with the pro-
jector augmented wave (PAW) method [34,35] and a plane wave
basis set (324 eV cutoff) as implemented in the VASP code [36-
38]. The I'-centered Monkhorst-Pack k-mesh is used for Brillouin
zone integration.

To study the bandgap change as a function of pressure, for each
of alloy configurations, bandgap at the I" point is calculated at dif-
ferent volume (V). To relate the volume to the applied pressure, the
total energy as a function of volume is fitted with the Rose equa-
tion of states [39]. For each configuration, the pressure dependence
of bandgap (at I') can be described by the relationship

E(P) = E(0) + otP + pP*. The parameters o and f are obtained by the
least square fit to the calculated (first-principles) results and tabu-
lated in Table 2. The ordering in the [1 1 1] direction causes the
conduction band minimum at L to fold to I" (called L, ). The nonlin-
earity of E(P) is a result of the repulsion between the conduction
states at I' and L., [40]. Because the conduction state is pushed
down, the bandgap in this configuration is reduced [25,26]. To
study the effects of the interactions, the bandgaps of the ordered
structures are compared with that obtained from the Vegard’s rule
(the linear interpolation between the bandgaps of parent com-
pounds) which represents the case of completely disordered alloy.
In Table 2, the bandgap of the disordered alloy is calculated by
averaging the bandgaps of parent compounds (GaP and InP). The
interaction between I' and L. can be described by the first order
perturbation theory. The perturbed energies of I" and L., can be ex-
pressed as [41],

E. =12 [(EL CE) /(B - Er) +4Vi} (5)

where E, and E_ are the energies of perturbed L., and I’ states. E;
and Ej are the energies of unperturbed I and L (obtained by Ve-
gard’s rule). If we assumed that the interaction potential (V;) does
not depend on the pressure, V; can be calculated by fitting each sets
of E_, E;, and E to Eq. (5). The values of V| obtained by the least
squares fit are shown in Table 2. The obtained values of V; clearly
show that GaP/InP monolayer superlattice (structure I with N =2)
has the strongest interaction (V, = 0.71 eV). As a result, the configu-
ration has the largest bandgap reduction among GalnP alloys [42].

4. Conclusions

The convergence of the bandgap range of AlGalnP alloys with
respect to the cell size used in the direct enumeration method
(DEM) is studied. By directly calculating a large number of alloy
configurations, the bandgap range as a function of alloy composi-
tions are determined by DEM using various unit cell size
(Nmax = 2-8). It is found that it is sufficient to use the cell size with
5 cation atoms (Nmax = 5). The bandgap range of AlGalnP alloy is re-
ported (in the form of a polynomial function). It is found that the
bandgap range is large (~0.8 eV) for the compositions near the
middle of the composition space (slightly shifted toward the low
Al composition side). In addition to the convergence study, the
source of the bandgap reduction of the alloy in the [1 1 1] superlat-
tice configurations are investigated. It is found that the superlattice
in this direction has strong interactions between the I' and the
folded L states and the GaP/InP monolayer superlattice has the
strong interaction among studied configurations.

Acknowledgements

The work is supported by NANOTEC (Grant No. NN-B-22-DI2-
20-51-09), AOARD/AFOSR (Contract No. FA2386-09-1-4106), and
DOE (Contract No. DE-AC36-99G010337). The authors thank L.-
W. Wang for providing the PESCAN codes. One of the authors (S])
acknowledges the funding from the Thailand Research Fund (Grant
No. MRG5280235).

References

[1] AS. Dissanayake, S.X. Huang, H.X. Jiang, J.Y. Lin, Phys. Rev. B 44 (1991) 13343.
[2] H.X. Jiang, G. Brown, J.Y. Lin, J. Appl. Phys. 69 (1991) 6701.

[3] S. Krishnamurthy, A. Sher, M. Madou, A.B. Chen, ]. Appl. Phys. 64 (1988) 1530.
[4] M.F. Ling, D.J. Miller, Phys. Rev. B 38 (1988) 6113.

[5] L. Vegard, Z. Phys. 5 (1921) 17.

[6] L. Vegard, Z. Kristallogr. 67 (1928) 239.

[7] A. Ebina, Y. Sato, T. Takahashi, Phys. Rev. Lett. 32 (1974) 1366.

[8] A. Franceschetti, A. Zunger, Nature 402 (1999) 60.



S118 S. Jungthawan et al./ Computational Materials Science 49 (2010) S114-S118

[9] K. Kim, P.A. Graf, W.B. Jones, ]. Comput. Phys. 208 (2005) 735.

[10] L.G. Ferreira, S.H. Wei, A. Zunger, Int. . High Perform. Comput. Appl. 5 (1991)
34.

[11] P.A. Graf, K. Kim, W.B. Jones, G.L.W. Hart, Appl. Phys. Lett. 87 (2005) 243111.

[12] J. Rutherford, Acta Crystallogr. A 51 (1995) 672.

[13] J. Rutherford, Acta Crystallogr. A 48 (1992) 500.

[14] L.-W. Wang, A. Zunger, ]J. Chem. Phys. 100 (1994) 2394.

[15] A. Canning, L.-W. Wang, A. Williamson, A. Zunger, J. Comput. Phys. 160 (2000)
29.

[16] T. Mattila, LW. Wang, A. Zunger, Phys. Rev. B 59 (1999) 15270.

[17] K.A. Mdder, A. Zunger, Phys. Rev. B 50 (1994) 17393.

[18] G.L.W. Hart, RW. Forcade, Phys. Rev. B 77 (2008) 224115.

[19] G.L.W. Hart, RW. Forcade, Phys. Rev. B 80 (2009) 014120.

[20] K.A. Mdder, A. Zunger, Phys. Rev. B 51 (1995) 10462.

[21] K.A. Mdder, L.-W. Wang, A. Zunger, Phys. Rev. Lett. 74 (1995) 2555.

[22] A. Franceschetti, A. Zunger, Phys. Rev. B 52 (1995) 14664.

[23] J. Kim, L.-W. Wang, A. Zunger, Phys. Rev. B 56 (1997) R15541.

[24] S. Jungthawan, S. Limpijumnong, R. Collins, K. Kim, P.A. Graf, J.A. Turner, J.
Appl. Phys. 105 (2009) 123531.

[25] S.H. Wei, A. Zunger, Appl. Phys. Lett. 56 (1990) 662.

[26] L.C. Su, L.H. Ho, N. Kobayashi, G.B. Stringfellow, J. Cryst. Growth 145 (1994)
140.

[27] W. Feller, An Introduction to Probability Theory and its Applications, vol. 1,
Wiley, New York, 1968.

[28] A. vandeWalle, M. Asta, G. Ceder, CALPHAD J. 26 (2002) 539.

[29] A. van de Walle, G. Ceder, J. Phase Equilib. Diff. 23 (2002) 348.

[30] P.N. Keating, Phys. Rev. 145 (1966) 637.

[31] R.M. Martin, Phys. Rev. B 1 (1970) 4005.

[32] J.L. Martins, A. Zunger, Phys. Rev. B 30 (1984) 6217.

[33] M.C. Schabel, J.L. Martins, Phys. Rev. B 43 (1991) 11873.

[34] P.E. Blochl, Phys. Rev. B 50 (1994) 17953.

[35] G. Kresse, D. Joubert, Phys. Rev. B 59 (1999) 1758.

[36] G. Kresse, J. Furthmiiller, Comput. Mater. Sci. 6 (1996) 15.

[37] G. Kresse, J. Furthmiiller, Phys. Rev. B 54 (1996) 11169.

[38] G. Kresse, J. Hafner, J. Phys.: Condens. Matter 6 (1994) 8245.

[39] J.H. Rose, J.R. Smith, F. Guinea, ]. Ferrante, Phys. Rev. B 29 (1984) 2963.

[40] T. Kobayashi, M. Ohtsuji, S. Deol, J. Appl. Phys. 74 (1993) 2752.

[41] J. Dong, Z. Wang, D. Lu, X. Liu, X. Li, D. Sun, Z. Wang, M. Kong, G. Li, Appl. Phys.
Lett. 68 (1996) 1711.

[42] S.R. Kurtz, ]J. Appl. Phys. 74 (1993) 4130.



The effects of unit cell size on the bandgap range in the direct enumeration
study of Al,Ga,In,,,P alloys
nansznuvasruIaaanllglukuuIaadlassasenudsvaskaunasuluasuay
AlGalnP
Sirichok Jungthawana’b’*, Kwiseon Kim', Sukit Limpijumnonga’b
#lya 390179550 Kwiseon Kim uag yia fuUdnuse
? School of Physics, Institute of Science, Suranaree University of Technology and

Synchrotron Light Research Institute, Nakhon Ratchasima 30000, Thailand

a1 3viiand andndviavenmans umimeraemaluladgns uaz aniuiveuasiulage
59U UATTIVANT 30000 Uszinalne

® Thailand Center of Excellence in Physics (ThEP Center), Commission on Higher
Education, Bangkok 10400, Thailand

qudnnthudanduildnd  drneemenssunIsnIsenufnyg)  nFuNuRINAT - 10400
Usenalne

“ National Renewable Energy Laboratory, Golden, Colorado 80401, USA

=% v o & LY o w -y ! & 1 £ LY S Y

ansnainiduiandfglurudiuvegunsaling 4 ingitesiumalulaglulagdu
lngn1suszendldauanauandiddiiuasuawesas nsduaneansiislnauau oy
dosnsuimdodidgluntsWauigunsaldmiunisussgnaldlusiunig o 1y waeeu
NeawNU NsBukasiiuteyarmaua wazinaluladawes Wudu nsusunuautfivesaisna
midnaglinisnauarsndauaudfisiuludnsdiunausiig q ieduasizaislvadled
AuanTAnuABINIT  viTeanrunulagnsidansnsinIgnAdunuan SIS IAuNaLe L
AuantRlndAesiy n1skaNasuaty q viladreiuiiwuslunisaivauauauifivesans
U @IHANKUUADISTR LAWA ZnO wag SIC wuuaus1e takd AlGaAs  GalnP ag GalnN
LaZWUUES19 Lok AlGalnP AlGalnN

lngvnlunsvineauaudfdusnsdiunauazlinisussananuudadu gedlamnu
AaaudRganaudldlaldiuauandfduy 4 Muiulassadswesdidnaseuluioans wu
AeauTR Bl uazuas Fudufinnvedandidelionauantfasnaudanuduiusily
LUUBUTENINAUANTRAUINTIAIUNEAY LYY HANAITMIETRTIEIUNYINNURANTEUIUNT
[ cal 1 v @ o % wa A v = & ! A S Xo !
duarzinaiuivihlinaautfuioulume Saduaugeniiauunluasuay addsly
in13f@nw1ed19dnTeinnuandivuiudnsidrunannazaduduagelstng vinlinag
duprgansiiauaudfnudesnisilaeinuasdudou

ALz lsuIsnsmunansesassuuitaeaiieldviungwasAnw
AuauURvesEnsNa WesankuuAMEaNURTeE15I1NNSIT8IY090EnRULAElATIET

A & ! 1 = & o [ = ! Y a [ 6 a
aneiiluniiegesngaluiilofan ukwimanazdiglmanniswmunlugunsalileuas

¢ o S & N ado ) = Yo o A v

wazgunsalmaluladvugs Nallssilovitmwniiauduaunsadssenaldivianau o 1o
e LU Tansnay Tagudinan 18+ lnednerdnusifnwnavesnisdnitesdalulaseasig
Jan1ALaYEnTIdUNALNTFaAMANURY0ENT AL UNINITIAS BT INSI¥E1NERNT

2. A3.AlYA 390719550 @UINHENT wnInedewmalulagasun’ i 190 3



o w

dunauiniuenaazFeeiildisty msSesniaduiudsiddyanniiinadenuant
et

wamsATedsildihusguaniflussuuasuauusia 1wy AlGaAs Galnp
uay AlGalnP  fidhunausng q wuiwenandnsndunauuds auantRivesanstutuns
fn3eaivadlassanigameasinannaenndestuaunigiuiisaly niadesialuseiuganme
wiloahliAansiwasulasadwedidnaseuluasiinatuanaudidsliuasuas viili
naauiilinszdudidnaseusinitdiannisuszananuudaduduamafinsussanauuy
Faduldlaild 1wy lassadne a) uag Taseasie b) Asgu ddnsdrumauiniuusiiSesdiasmeiu
fainuihagldnsUssnauuudaduldfdodonsiissivesesmenluidoasdunuudy
nadwsiteliinideniednanansoussinamnesnuautildlne bifeunioumsiiags
Tala SnvissefouiBdunmuarnsinneinaifauutuausaldfuassuldviuilaonis
Wasullnvosozmeudld

miAdeluszuusuuuiildannsaUszgndldfuns@nyinuusiaesuesansnau sy uy
9u 9 Wivumileweanaasaailou (Vitual  Laboratory)  Haelitgiaulavinnisdine
ANUFNRUSTENINIRuaNTRTIENSAUINTIATUNAY waranuaENITT8iIveIlATIaTs
anariemuwnliinvesnuandiniarld Wulwmenewsuduasgiansate uaznsuis
fosfnvesnmantilumstuietelunmsdnauladenansfiasliudntudugunsal laidos
aoafinaesgniaeliusendanineinsuaziialunisdansesians Groandunuiudiunes
gunsaifldlufundssumeauny msdaaziivtoyameuas wazeluladiawes vivliAn
nsiauansinl q Hrelidlenuantfvesianiiliiraenadesiulassaiisegidlsdes
Usuiasunszuumsdaaszvioensls

sufouiidunanasmsiinssinaidmguiifievianudlauaginneguand
vpsansiidrutislusunisidouasinunlaonsslugnamnssuianarsadai deldagis
unsmanglusnudidnnseiind ndsnumauny wazianasas dsdfyusnsuilsieansi
anhdauauUinaynIzA1989319waund s (Bandgap) w%awé’wuﬁé}’aﬂ%’ﬂszé}:u
Sidnaseulfdsussdudundanuluanusinlwiaonadosnduusimdnluilludieuasd

2. A3.AlYA 390719550 @UINHENT wnInedewmalulagasun’ Wi 2970 3



wpaiuld ndanuuanuemeauwivEn i duiusauaunis EleV]=1240/1nm] &
ndanulumhedngdidnmsou V) wagarmeneduluniseulumms (nm) nsAIUANAT
waunasnulpgUivdiunauvsen1sinitesiivesasinaduivesiaslunssuiunisganiu
vidouanUdesuasuasansnsiaii

A1y AU IN1elun1sTauIUseansnInvoneadgses watening
Usgnauseuasdsng 9 luavanedlneusiazaiinuduseiusogy dildasfiganduuas
Fissuamdanuiidunislfuaseniindliasudiu fufusadaiosfivhanduresansnay
wane o FRARIn1TNITIeAINSsuRuRSedlEuAe (nfrared) audefediniionias
(Ultraviolet) tlagandunasmnaliinsugiuaziiuuszansamnslindanuogaamn ans
inlanuandPnasdodrinvesansiudnsdiunandmyuiisdnduegeddlunisiamn
gUnsal ann1sAuddeminenslunisadn wazidumaluladifiodanindon (Green
technology)

o]
o

Energy (eV)
[ ]

15
1
05
) L PR P TP BWPE FTRS PPTY PRTTRETY MNP SR S R S
16 12 08 04 0 02 04 06 08 1
solar radiation Ga fraction
(W/(m’nm)) inin_GaN

FUNIM9IN http://www.lbl.gov/Science-Articles/Archive/MSD-full-spectrum-solar-
cell.html

Sirichok Jungthawan*, Kwiseon Kim, and Sukit Limpijumnong, The effects of unit cell size

on the bandgap range in the direct enumeration study of Al GaIn,_ _ P aloys,
Computational Materials Science 49, S114 (2010). JIF=1.522

2. A3.AlYA 390719550 @UINHENT wnInedewmalulagasun’ i 3970 3



Electronic structures of graphene/boron nitride sheet superlattices

Sirichok Jungthawan (i#£4£25&)"%**, Sukit Limpijumnong™?, and Jer-Lai Kuo (3544 5c)%+

!School of Physics, Institute of Science, Suranaree University of Technology and

Synchrotron Light Research Institute, Nakhon Ratchasima 30000, Thailand

®Thailand Center of Excellence in Physics (ThEP), Commission on Higher Education,
Ministry of Education, Bangkok 10400, Thailand

®Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan

Abstract

Structural stability of monolayer BC,N is systematically investigated by means of

first-principles calculations with exhaustive enumeration of alloy configurations. The
energetically favorable configurations have a strong preference of large domain of BN and
graphene to form striped ordering with alternating domain of BN and graphene ribbons.
Properties of two edge structures (armchair or zigzag) are focused as they provide an
informative trend of the electronic properties related to edge modification and inversion
symmetry. We found that while formation energy monotonously decreases with increasing
size of domains, their electronic structure reveals special properties sensitive to the detailed
arrangement. The structures without inversion symmetry always have nonzero bandgap, in
which zigzag types show monotonic decrease and armchair ones exhibit triple periodicity
feature. But rearranging at the domain edges of BN and graphene, some structures can have
inversion symmetry and inversion symmetry introduces zero bandgap in zigzag type but not
in armchair type. Detailed analysis on the electric charge distributions shows that the

electronic properties of the monolayer BC,N compounds strongly depend on the edge and

the size of domains.
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I. INTRODUCTION
Once introduced, graphene [1-6], a single layer of graphite, holds a high hope for new

generation electronic devices [1, 3] and hydrogen storage [7, 8]. In the last decade, graphene
has been extensively studied because of its astonishing properties that are mostly attributed to
quantum phenomena from 2D confinement effects [1, 5, 6]. In perfect graphene, each carbon
atom forms o-bonds with its three neighbors (sp? hybridization). The electronic states near
the Fermi energy are the 7 and 7* bands derived from the weakly interacting p, orbitals. The
zand 7* states degenerated at the K point of graphene (hexagonal) Brillouin Zone, making
graphene a zero-gap semi-metal. To utilize graphene as a semiconductor, several approaches
to lift the degeneracy and open up graphene’s gap have been introduced. They can be
grouped into two categories according to Peng and Ahuja [9]: i) by confining or reducing the
dimension [10-12] of graphene and ii) by placing graphene on a substrate that can break the
equivalence of graphene sublattices A and B [9, 13].

In this work, a different approach to open up and control the graphene bandgap is
proposed and computationally illustrated. We find that a bandgap and electronic structures of
a superlattice (SL) structure between graphene and boron nitride (BN) sheet are vastly varied
depending on the detailed superlattice structures. In semiconductors, many SL systems such
as GaAs/AlAs and Si/SiO, SLs (to name a few) of various dimensions and orientations have
been studied both computationally and experimentally. Graphene superlattices have been
previously studied by Park et al. [14-16]. Electronic properties of SLs are shown to be
sensitive to the detailed SL structures and orientations. Here, we will show that the electronic
properties of graphene/BN SL are even more sensitive to the SL structures and orientation;
opening up an opportunity to engineer graphene’s electronic properties.

Boron nitride (BN) can form in numerous structures in analogous to carbon (C). The

main reason is because boron and nitrogen can have different hybridization of chemical
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bonding (e.g., sp? and sp®). Bulk BN can form in hexagonal-BN (h-BN) [17] and cubic-BN

(c-BN) [18] structures which are analogous to graphite and diamond in carbon system.

Various forms of BN nanostructures have also been reported [19-23]. A monolayer BN (1-
BN) is formed by sp® bonds and is structurally similar to graphene with the B-N bond only

1.7% larger than C-C bond in graphene. The electronic properties of 1-BN, on the other hand,
are different from those of graphene. For instance, 1-BN is an insulator with a direct bandgap

at the K point. These make 1-BN a suitable material to form superlattice with graphene.
[Strictly speaking, 1-BN has a space group P6m2 which is differed from graphene
( P6/mmm ) due to the lacking of inversion symmetry (the difference between the two

sublattices in the unit cell). This symmetry lacking is actually responsible for the difference
in the degeneracy at the K point of the BZ [24, 25].]

SLs are actually special cases of the alloy systems between BN and C. From an alloy
viewpoint, monolayer BCyN (1-BCsN) alloys have been studied theoretically by various
groups [24, 26-28]. Previous reports showed that the structural stability of 1-BC,N depends
strongly on the bond energies. It was shown that B-N and C-C are highly favored while the
B-B, N-N, B-C, and C-N bonds have higher energies [24, 26-29]. These influence the
structural arrangements, i.e., pattern and domain shape. The energetically favorable structures
tend to maximize B-N and C-C bonds [24, 26, 27]. As a result, the system tends to have
phase segregation into large BN and C domains [29, 30]. The similar behaviors have been
observed for the cases of BCyN nanotubes and heterostructures [20, 21]. Monte Carlo study
also shown [29] that 1-BCN have strong preference to form B-N and C-C bonds; suggesting
the phase separation into 1-BN and graphene. Despite a tendency to form phase separation, at
sufficient temperature, lattice vibration can enhance the solubility and a solid solution can be
expected [29]. Experimentally, some stable BC,N have been successfully synthesized [31,

32].
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On the theoretical side, some atomic arrangements of monolayer BC,N (1-BC,N)

has also been studied [24, 26-28]. Liu et al. [24] proposed a model that B, C, N-atoms
arrange into alternating stripe of B-N and C-C molecular chains (a simple SL case). Nozaki
and Itoh [27], and Azevedo et al. [26, 28], studied the monolayer arrangements using a large
unit cell and proposed the island-like models of BN domain in C and vice versa. Recently, a
1-BC«N was experimentally studied [33] and the BN domains in graphene have been
observed consistent with theoretical predictions. Depending on the alloy composition and
growth condition, the phase separation can give either the BN domain in C or vice versa. In
some special compositions such as BC,N, the SL structures (striped pattern) can be more
energetically favorable over the island patterns [27]. This is consistent with our first
principles enumeration study (details will be published elsewhere) which found the SLs
(striped patterns) to be low energy configurations for 1-BC,N. In various experimental and
natural systems, striped patterns frequently arise as energetically favored ground states where
the universality of striped morphologies have been discussed by Edlund and Jacobi [34]. In
this work, we will focus our attentions on the electronic properties of graphene/1-BN SLs
with different widths and orientations. As a starting point, we limited our study to only the

SLs with equal amount of graphene and BN (i.e. 1-BC,N).

I1. METHOD
In Fig. 1, a few supercells used for studying graphene/1-BN in the SL configurations

along with their corresponding BZ are shown. Based on the symmetry, two most relevant
orientations of the SLs, i.e. zigzag (Z) or armchair (A) molecular chains, are studied. The SL
width is defined by the number of chains (N) in a layer. We refer to a zigzag and armchair
SL configurations with N-alternating chains as NZ and NA, respectively. Because of the
difference between B and N atom, on a closer inspection, one can see that a supercell

containing a single strip each of C and BN does not give a SL structure with inversion
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symmetry. To generate a SL with an inversion symmetry, a supercell size has to be doubled.
For examples, 2Zi, which refers to a SL containing two zigzag alternating chains with
inversion symmetry, is doubled of 2Z. In this work, we focus our attentions on ordinary
oriented SLs (i.e., NZ and NA) and their inversion symmetry counterparts (i.e., NZi and
NAi) with 1< N <6.

The calculations were performed based on the density functional theory [35] within
local (spin) density approximation (LDA) [36] and the projector augmented wave (PAW)
potentials [37, 38] as implemented in the VASP code [39-41]. The cutoff energy of the plane
wave expansion is 600 eV. The I' -centered Monkhorst-Pack scheme with the k -mesh
varying based on the dimension of the BZ is used for BZ integration, for instance, 36 x20x1
for 1Z unit cell. The convergence for electronic step is 0.1 meV. The vacuum spacing of 15 A
is used to prevent interactions between the adjacent layers. Structural relaxation is performed
without symmetric constraint until the force on each ion is less than 0.01 eV/A. For each

configuration, cell shape optimizations (a and b/a ratio) are performed. The formation
energy of each 1- BC,N configuration is referenced to the segregated phases (1-BN and
graphene) which is defined as

E X =E X — EBN+Egraphene )

form ~ “total

where E,, X is total energy per formula (BC,N) of configuration X, E;, and E

total graphene

are the total energy per pair of 1-BN and graphene; referenced to the energy of isolated atoms

(the numerical values are shown in Table 1).

I11. RESULTS AND DISCUSSION
A. Structural stability

Our enumeration study of a large number of 1-BC;N configurations (details will be

published elsewhere) shows that the energetically favorable configurations have a strong
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preference to form phase separated BN and graphene, i.e. minimizing B-C and C-N bonds
while maximizing B-N and C-C bonds. This can be done by forming SLs (stripe patterns).
In this work, we focus our attentions on two most relevant types of SLs, i.e. armchair and
zigzag types as explained in the previous section. Note that more complicated SLs (along
other directions) can be formed with the mixing of the armchair and zigzag molecular chains
but are not covered in this work.

The formation energy per chemical formula and bandgap of SLs with different widths
are shown in Fig. 2. In all cases, the formation energy monotonously decreases with
increasing N . This is not surprising because the wider SL allows more preferred bonds to
form and reduce the fraction of atoms on the boundary between BN and graphene. For the
armchair SLs, the energy decreases from 0.90 eV for 1A to 0.18 eV for 6A and slightly
decreases further for larger N . If we compare between the SLs with armchair and zigzag
edges, it is found that NAs are slightly more energetically favorable than NZs. The relative
stability between NZ and NA is 0.04 eV for N = 1 and increases to 0.08 eV at large N .
Armchair SLs provide more degree of relaxation than zigzag SLs at the domain edges. For
larger N, the higher energy of the zigzag SL over the armchair SL (with the same N) can be
attributed to the accumulation of charge at the edges. Because the zigzag SLs have one type
of edges with all B-C bonds and another type of edges with all C-N bonds, the edges with the
B-C bonds are less electronegative than the edges with C-N bonds. As a result, the edges
with C-N bonds are more negative while the edges with B-C bonds are more positive. This
leads to the charge transfers and formation of line charge at the edges. The formations of line
charges cost energy (while the interaction between the line charges with opposite sign
reduces it). On the other hand, all edges of armchair SLs composed of an equal number of B-
C and C-N bonds. As a result, no line charges are formed; making the armchair SLs more

energetically favorable. The charge accumulated on the edges of the zigzag SLs will be
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clearly seen when we discuss about the electron charge density plots near the Fermi energy.
In additional to the energetic stability, as will be seen next, the charge accumulation on the
edges greatly affects graphene electronic properties because it introduces electric fields
across the graphene stripe.

The ordered SLs with inversion symmetry ( NZi and NAi) have higher energy than
their counterparts without the inversion symmetry ( NZ and NA ). For example, the
difference between 1Zi and 1Z is 0.28 eV; 1Ai and 1A is 0.13 eV. Note that the energy
difference between the SLs with inversion symmetry and their counterparts decreases as N
increases and becomes negligibly small at N >~ 6, as can be seen in Fig. 2. The larger
energy difference for the zigzag SLs can be attributed to the Coulomb interaction between the
edges. For the SLs without inversion symmetry, the B-N bonds in all BN stripes are pointing
in the same direction. Therefore, the left edge and right edge of the graphene stripe are not
the same (in Fig. 3a, the left edge is the edge with N-C bonds whereas the right edge is the
edge with C-B bonds); leading to alternated positive/negative line charges. These line charges
create an electric field across the graphene stripes; affecting the bandgap as will be explained
in the next section. For the SLs with inversion symmetry, the B-N bonds in two BN stripes
sandwiching the graphene stripe are pointing in opposite directions to maintain the inversion
symmetry. As a result, the left and right edges of any graphene stripe are equivalent, i.e.
either the edges with B-C bonds or the edges with C-N bonds; leaving no electric field across
the graphene stripe. When compare the ordering of the edges, we can see that the SLs

without inversion symmetry have the ordering of line charges with period of +—, compare

to +-+—— in the SLs with inversion symmetry. Because the Coulomb attraction would gain
energy when the opposite charges are placed next to each other and cost energy when same
charge are placed next to each other, the SLs with inversion symmetry have higher energy

than their counterparts. The line charges at the edges are separated apart by the stripes with
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the width proportional with N. This explains why the SLs with larger stripes have reduced
energy differences.

For the armchair SLs, the energy differences between the non-inversion and inversion
ordering are smaller than those of the zigzag SLs. This is because each armchair edge
composed of an equal number of B and N atoms; leading to neutral charge. The energy
differences (between the SLs with and without inversion symmetry) arise from the small
differences in the distances of B-to-B, N-to-N, and B-to-N across the graphene stripe. The
SLs with the inversion symmetry have slightly shorter B-to-B and N-to-N distances (and
longer B-to-N distances) than their counterparts causing higher energy. Although the
armchair edges have total neutral charge, the B and N atoms at the edges are containing
opposite charge. The differences in the distances as well as the Coulomb interactions
diminished quickly as the SL stripe gets wider (larger N).

The electronic properties of these SLs are discussed in section I11-B and I11-C.

B. Electronic structure of zigzag superlattices

The BZ of 1Z SL, is related to the fundamental graphene BZ (hexagonal) by the
folding of the hexagonal BZ in a rectangular BZ of 1Z shown as a white filled region in the
top panel of Fig. 1. The folding places the high symmetry points M’ onI". The two K’ and

a K points of the graphene BZ are folded to the same point in 1Z BZ at 2/3 of the symmetry

line between the T" and X points. Asymmetric interaction between two K’ and a K points
slightly shifts the top of valence band maximum (VBM) and the bottom of conduction band
minimum (CBM) away from the original K toward the X direction as can be seen in the
band structures plot (Fig. 4).

As the stripe of the zigzag SL getting wider the bandgaps decrease, i.e., the bandgap
monotonously decreases with increasing N. For N = 1 the bandgap is the largest at 1.6 eV and

gradually decreases down to almost zero at N = 6, as shown in the right panel of Fig. 2. Note
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that these bandgaps are direct DFT-LDA results and are expected to be too small due to the
well-known DFT-LDA bandgap problems. The bandgap reduction as N increases can also be
observed in the band structures plots in Fig. 4 (the top of VBM and the bottom of CBM get
closer in the band structures of larger N SLs). The band structure plots show that states near
the Fermi energy lie in the k-space region in the vicinity around the lines between K and X
points. To examine the electronic states near the Fermi level, charge densities of the states
near the Fermi energy are plotted. As a representative case, the charge densities of the states
of 6Z SL near the Fermi level (indicated by orange arrows in Fig. 4) are shown in Fig. 3. The
VBM and CBM states are found to be localized on the edges, as shown in Fig. 3(a) and (b),
respectively. Because the VBM states are occupied and the CBM states are unoccupied, the
electric potential is formed across the graphene stripe. The states near the VBM have the p,
n-bonding character and are highly localized on the C-B edges. On the other hand, the states
near the CBM have the p, m-antibonding (x*) character and are highly localized on the N-C
edges. The charge accumulation on the edges gives rise to the electric field across the
graphene stripe leading to bandgap opening [42]. For graphene nanoribbons (GNRs), the
bandgap opening also attributed to the electric field from the edges [43]. In GNRs, the
electric potential at the edges is originated from the spin orientation. For the cases at hand,
the electric potentials are created by the difference in the bonding chemical at the two edges
around the graphene stripe (B-C and C-N bonds) [44]. The charge accumulation at the edges
for SLs with different widths is very similar. Therefore, the wider SLs (large N) have smaller
electric field across the graphene stripes, leading to smaller bandgap openings.

Unlike the zigzag SLs without inversion symmetry, the NZi SLs always have zero
bandgap. They have linear dispersion crossing near the X point. Because of the inversion
symmetry, each graphene stripe in NZi have the same bond type at both edges (i.e., either B-

C or C-N). This results in no electric field across the graphene stripes. The band structures
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of selected zigzag SLs with inversion symmetry are show in Fig. 4. The VBM and CBM are
highlighted. The four states near the Fermi level, i.e., the highest two valence bands (VBM
and VBM —1) and the lowest two conduction bands (CBM and CBM +1) are localized at the
edges. The VBM and VBM —1 states have the p, m-bonding character at the B-C edges
whereas the CBM and CBM +1 states have the p, n-antibonding (x*) character at the C-N
edges, as shown in Fig. 3(c) and (d), respectively. Because both edges of graphene stripes are
equivalent, there is no electric field across the graphene stripe and no bandgap opening.
When the number of zigzag chain is odd (N = odd ), the edge termination is nonsymmetrical
staggered. Along high symmetry XR line, the bonding and antibonding states are degenerated
(1Zi and 3Zi in Fig. 4). When the number of graphene layer is even (N =even), the
structures retain a single mirror symmetry plane (perpendicular to the plane of the sheet and
containing the center line of graphene stripe). The edge termination is symmetric along the
domain axis. As a result, the bonding and antibonding states become nondegenerated state
along XR line (6Zi in Fig. 4). The pseudo bandgap (quadratic dispersion curves near
crossing) decreases with increasing N and goes to zero (overlapped) when N > 3.

The electronic states attributed to B-C and C-N at the edges can be qualitatively
understood within the tight-binding model. The Hamiltonian based on the nearest-neighbor
tight-binding model is defined by

H=> &a'a—> tafa, 1)
i i

where ¢&; is the site energy atom at the site i, t; is the hopping integral between the site i

and j, a' and a is the creation and annihilation operator of the = electron at the site i. The

summation is taken over the first nearest-neighbor sites. In our case, we have three site-

energy parameters defined as ¢; >0, & =0, and &, <0 and four hopping parameters
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tec.teg Loy » @Nd tgy (all are positive). The site energies and all t parameters were adjusted to

qualitatively investigate the supperlattice configurations.

Within tight-binding model, zigzag graphene nanoribbons (ZGNRs) are always
metallic [45, 46] and zigzag boron nitride nanoribbons (ZBNRs) are wide-bandgap
semiconductor. The electronic structure of zigzag SLs can be considered as metallic ZGNR
electronic structures embedded in the gap of ZBNR as shown in Fig. 5 for zigzag SL with one
molecular chain (ZGNR/ZBNR). The transfer energy between ZGNR and ZBNR at the edge

(teg and tg, ) lifts the degeneracy of the ZGNR edge-states at X . The B-C/C-N state (Fig. 5)

is moved down/up and becomes VBM/CBM for both NZ and NZi SLs (Fig. 5) as verified by

electron charge distribution in Fig. 3. For NZ, the t.; and t., lift the degeneracy of the

ZGNR edge-states and open up bandgap. For NZi, the inversion symmetry allows the

crossing between B-C and C-N states causing zero bandgap.

C. Electronic structure of armchair superlattices
For the smallest armchair SLs (1A), the unit cell is twice larger than that of 1Z.
Therefore, the BZ of 1A is half of 1Z BZ and is related to it by folding which place the X

point of 1Z BZ at I". The BZ of 1A is shown as white filled region in the bottom panel of

Fig. 1. The original K’ and K points are located on the I'X line at 2/3 toward X . For

armchair SLs (NA), the location that the original K points fold into depends on N. For
instance, the two K points are folded onto I when N is a multiple of 3. When N is not a
multiple of 3, the K points get folded closer to I" as N increases (and the direct bandgap is
expected to move closer to I'). Unlike the zigzag ordered SLs, the states near the Fermi
energy are not localized on the edges.

The bandgaps of NA SLs are shown in the right panel of Fig. 2. These NA SLs

always have bandgap opening. Overall, the bandgap appears to decrease as N increases.
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However, the trend of the bandgap versus N has an interesting triple periodicity pattern. The
triple periodicity pattern has also been observed in GNRs [43, 46] which depends on the

number of dimer lines, N,. However, in our case, N is the number of chains. In armchair

graphene nanoribbons (AGNRs), the bandgap has been attributed to the abrupt changing of
the bond lengths of the edge atoms which induce more hopping integral between 7 -orbitals
[43]. The increase of the hopping integrals between C atoms at the edges is responsible for
the correction to the zeroth-order bandgaps categorized into three different groups. For NA
SLs, the triple periodicity in bandgaps is related to the BZ folding. When N is a multiple of 3,
the original K points are folded onto I" allowing the strong interaction between VBM and
VBM—1 as well as CBM and CBM +1.

For the armchair SLs with the inversion symmetry (NAI), the bandgaps are smaller
than their counterparts as shown in the right panel of Fig. 2. The lowest (highest) two
conduction (valence) band states are degenerated state when N >3 as shown for the case of
3Ai in Fig. 6. Along the high symmetry XR line, the states are degenerated. In the armchair
SLs, the two hexagonal sublattices lie on the same line of the molecular chains. For the
armchair SLs without inversion symmetry ( NA), the B-N bonds at the edges align in the
same direction introducing the dipoles with the same direction on both edges. On the other
hand, the armchair SLs with inversion symmetry (NAIi), the B-N bonds at the two edges
sandwiching the graphene stripe align on the opposite direction. As a representative case, by
examining the charge density distribution of 6A and 6Ai SLs (Fig. 7), we can see that the
direction of edge dipoles affects the hybridization of states in the whole graphene stripe. For
6A, the dipoles at the edges induced the splitting of the n-bond hybridization in the graphene
stripe into two groups; the bonds that are parallel to the dipole direction and that are vertical
to them. For 6AI, because the dipoles at both edges are aligned in opposite directions, the =-

bond in the graphene stripe hybridized in the direction accommodating the dipoles of both
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edges. Unlike the zigzag SLs where the CBM and VBM states are localized on the edges, the
CBM and VBM states of the armchair SLs are spread throughout the graphene stripe. The
charge distribution of VBM and VBM —1 are shown in Fig. 7(a)-(b) for 6A and Fig. 7(c)-(d)
for 6Al, respectively. Note that, the charge distribution of CBM is also spread in the graphene
domain and not shown here. For 6A [Fig. 7(a), (b)], although the separation between VBM
and VBM —1 is small, the two states show the non-degenerated signature (the =-bond
hybridizations that are orthogonal to each other). For 6Ai [Fig. 6(c), (d)], VBM and VBM —1
are degenerated and the charge density of both states is similar. The opposite polarization at
the C edges decrease bandgap of armchair ordered structures. All NAi SLs also have non
zero bandgaps, except 1Ai where there is only a single molecular chain defining the graphene
stripe. The states near the Fermi energy are, therefore, dispersed in both BN and graphene
stripes as shown in Fig. 7(e); resulting in zero bandgap.

Within tight-binding model, armchair AGNRs are either metallic (N, =3p+2 where
p is integer) or semiconducting (N, =3p and N, =3p+1), depending on N, [43, 46],
and armchair boron nitride nanoribbons (ABNRs) are wide-bandgap semiconductor. The NA
and NAi SLs with N =1,4,7,... have the number of dimer lines in graphene domain equal to
N, =2,8,14, respectively, which correspond to metallic AGNR (N, =3p+2). The other
NA and NAi SLs with N =2,35,6,... are correspond to semiconducting AGNR. The
electronic structure of these SLs can be considered as the electronic structure of AGNR,
either metallic or semiconducting, in ABNR bandgap. The transfer energy at the edge (t.;
and t., ) affects to the bonding of the edge atoms thus opens up bandgap. Although the

inversion symmetry allows the crossing along I'X, the transfer energy at the edge opens up
bandgap therefore the effect from inversion symmetry can reduce, but not enough to close,

the gap. As a result, SL with inversion symmetry has lower bandgap compared with the same
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size of SL without this symmetry. For 1Ai which is metallic, the transfer energy at the edge
causes an even redistribution of charge on graphene domain as shown in Fig. 7(e) such that
the splitting of AGNR metallic state is small thus the crossing by the inversion symmetry is

observed.

IV. SUMMARY

The atomic arrangements of monolayer BC,N were studied by enumerating unique

arrangements and avoiding disfavored B-B and N-N neighboring, within all distinct 8-atoms
cell. The energetically favorable configurations have a strong preference of large domain of
BN and graphene reducing disfavored bonding (B-C and C-N) at the domain edge over
favored bonding (B-N and C-C) in the domains. The energetically favorable configurations

suggest striped ordering with alternating B-N and C-C molecular chains in BC,N. The

formation energy decreases as the number of chain increases. The armchair molecular chains
are more stable in energy than the zigzag molecular chains. The structural stability and
electronic properties depend strongly on the chemical bonding at the domain edges. The
structures without inversion symmetry always have nonzero bandgap. The armchair and
zigzag ordering have bandgaps which decrease as the number of chains increase. The ordered
configurations with inversion symmetry always have smaller bandgap than ordinary ordered
configurations for armchair ordering. The bandgaps are always zero for zigzag ordering with
inversion symmetry. In conclusion, the configurations without inversion symmetry always
have non-zero bandgap and the configurations with inversion symmetry may or may not have

zero bandgap as proposed by Liu et al. [24]. The properties of the monolayer BC,N

compounds strongly depend on the edge and the size of domains.
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FIG. 1 (Color online) The zigzag and armchair superlattice with one and two alternating
molecular chains. The blue, red, and black colors represent B, N, and C. The 1st BZ of
fundamental ordered structures (1Z and 1A) is shown together with the primitive (unfolded)
hexagonal BZ. The red line shows the 1st BZ of higher ordered structures with 2< N <6
(see text). The high-symmetry points X , Y, and R of ordered structures indicate zone-edge

in X, ¥, and corner point respectively. The inversion center is guided by star symbol.
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FIG. 2 (Color online) The formation energy (left panel) and calculated LDA bandgap (right
panel) of ordered structures with different N . The blue and red solid line represents ordinary
zigzag and armchair superlattice. The zigzag and armchair superlattice with inversion

symmetry are represented by blue and red dashed line.
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FIG. 3 (Color online) The electron charge density distribution near X point (indicated by
orange arrows in Fig. 4) associated with the top of valence band of 6Z (a), the bottom of
conduction band of 6Z (b), the sum of the highest two valence bands of 6Zi (c), and the sum
of the lowest two conduction bands of 6Zi (d). The blue, red, and black colors represent B, N,

and C.
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FIG. 4 (Color online) The calculated band structures of the zigzag (17, 2Z, 6Z, 1Zi, 3Zi, and
6Zi) ordered structures plotted along the symmetry points in the BZ as described in Fig. 1.

The orange arrows indicate the point where electron charge density distributions are obtained

in Fig. 3.
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FIG. 5 The band structure plots, along Y-I" (dashed line) -X direction, of zigzag and
armchair superlattices with one alternating molecular chain from tight binding method. The
non-interacting GNR/BNR SLs with zigzag (ZGNR/ZBNR) and armchair (AGNR/ABNR)

ordering are shown for reference.

N
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FIG. 6 (Color online) The calculated band structures of the armchair (1A, 2A, 4A, 5A, 6A,
1Ai, 2Ai, and 3Ai) ordered structures plotted along the symmetry points in the BZ as

described in Fig. 1.
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FIG. 7 (Color online) The electron charge density distribution associated with; the highest
two valence bands (VBM and VBM —1 respectively) at the " point of 6A [(a) and (b)], 6Ai
[(c) and (d)], and the top of VBM near the K point (Fig. 6) of 1Ai (e). The blue, red, and

black colors represent B, N, and C.
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Table 1 The calculated structural parameters, total energy, and bandgap of 1-BN and

graphene.
1-BN Graphene
Lattice constant (A) 2.489 2.447
Bond length (A) 1.437 1.413
Total energy (eV/pair) -19.26 -20.19
Bandgap (eV) 4.61 -
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Structural stability and electronic structure of monolayer BC,N
ordered structures

Sirichok Jungthawan™?3*  and Jer-Lai Kuo®
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Bangkok 10400, Thailand
%I nstitute of Atomic and Molecular Sciences, Academia Sinica, Taipel 10617, Taiwan

The structural stability of monolayer BC)N is investigated by means of first-principles
calculations. The formation energy monotonically decreases with increasing size of
domains. The energetic favorable configurations have a strong preference of striped
ordering (armchair or zigzag) with alternating domain of B-N and C-C ribbons formed by
molecular chains. The systems provide information of electronics properties related of
edge modification and inversion symmetry. The armchair and zigzag ordered structures
have bandgaps which decrease as the number of chains increase. The inversion symmetry
introduces zero bandgap in zigzag ordered structures but not in armchair ordered
structures. The bandgap of armchair ordered structures exhibit triple periodicity feature
and the structures without inversion symmetry always have nonzero bandgap. Detailed
analysis on the eectronic charge distributions show that the properties of the monolayer
BC,;N compounds strongly depend on the size and the edge of domains.
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Abstract
The structural stability of monolayer BC,N is investigated by means of a first-

principles calculation. The direct enumeration method is used to generate a set of possible
atomic arrangements with up to 8 atoms per unit cell. The arrangements of the larger unit
cells are generalized from the information found in 8 atoms cell. The energetic favorable
configurations have a strong preference of stripe ordering, either armchair or zigzag, with
aternating domain of B-N and C-C molecular chains. The formation energy
monotonically decreases with increasing size of domains. With the same B-N fraction,
armchair ordered structures are more energetic favorable than zigzag ordered structures.
The armchair and zigzag ordered structures have bandgap which decreases as the number
of chains increase. The structures without inversion symmetry always have nonzero

bandgap. The properties of the monolayer BC,N compounds strongly depend on the size

and the edge of domains.
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The Effects of Unit Cell Size on the Bandgap Range in the
Direct Enumeration Study of Al,GayIn,.,P Alloys
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Direct enumeration method is an unbiased approach for scanning aloy properties
by computing all possible configurations. This method thoroughly covers all possible
configurations within a given unit cell size; alowing one to extract informative trend
of aloy properties with respect to ordering patterns. The larger cell means more
number of possible configurations to be studied. However, in practice, the number
of possible configurations increases rapidly with the size of the cell. Usualy, a
reasonable size that gives a sufficiently large number of configurations is chosen. In
this work, the convergence of the bandgap range with respect to the unit cell size of
AlGalnP aloy is studied up to 8 cation atoms per unit cell. It is found that the
bandgap range already converges to within 0.1 eV at the unit cell size of 4 cation
atoms. Interestingly, we also found that the lowest bandgap value of GalnP aloy is
achieved already in a small cell (2 cations in the unit cell). The cause for this specia
small bandgap case is discussed.
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The binary semi-conductors and their alloys are
gaining importance due to their dependable properties
to suit most of the technical applications. An attempt
is made to study the band structure of binary 11-VI,
AB:(A=Zn,Cd;B=S, Se, Te,) and I1I-V, AB: (A=Al,
Ga, In; B= P, As) semi-conductors and I1-VI oxides,
MgO, BeO, ZnO, and CdO using semi-relativistic
Tight Binding Linear Muffin Tin Orbital (TBLMTO)
method within local density approximation with
von Barth Hedin exchange and correlation scheme.
The present work investigates the band structure
calculations for all the above mentioned compounds
at ambient and high pressures. A systematic study of
the equilibrium lattice parameters, nature of energy
gap and metallization volume is reported. A high
pressure study reveals band gap closure leading to
metallization in all these compounds.

These binary compounds are investigated with
respect to the parameters such as energy gap, bulk
modulus, melting temperature, crystal potential
and cell volume. The correlation between these
parameters are brought out and compared with that
of their ternary analogs I-111-V1, chalcopyrites and
I1-1V-V, pnictides reported by us earlier. In all these
comparative study, I1-VI oxides show different trend
when compared to other 11-VI binary compounds
which follow a particular trend. The reason for this
varied trend of oxides is investigated and also linked
to the quantum confinement observed in nano regime
of these semiconductors. The trend of changes is
exactly followed when these bulk semiconductors go
nano. Quantum confinement, blue shift and crystal
size and potential effects are also analyzed. The work
is further extended to study the band structure of
mixed binary compounds such as CdS Se,
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First-principles Study of Non-linear Dielectric
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3. CREST, Japan Science and Technology Agency,
Kawaguchi, Saitama, Japan

LaAIO,(LAO)/SITIO,(STO) system has been attracting
much attention because, for [001] stacking, the n-type
interface (LaO-TiO,) between two band insulators
becomes metallic. It is thought that this phenomenon can
be related to the polar-catastrophe problem. Recently, we
have clarified how electronic and ionic mechanisms play to
screen the diverging potential for LAO/STO thin films and
found specific electronic states appear at the interface.

In the present study, we try to illustrate further anomalous
behaviors of the interface between LAO and STO by
calculating spatial distribution of dielectric response in
LAO/STO superlattices for both [001] and [011] stacking.
To do this, we have employed several special computational
techniques. We have performed self-consistent electronic
structure calculations under static electric field and,
then, constructed maximally-localized one-dimensional
Wannier functions to obtain local polarization distribution.
All the calculations have been done with our in-house
computational code QMAS (Quantum MAterials
Simulator). In the obtained dielectric-constant profiles,
non-linear behaviors, which are more pronounced at the
interface region in the STO side, have been found.
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Direct Enumeration
Properties of Al Ga In

AlGalnP alloys have potential applications in electronic
devices and solar cells. The main advantage of this class
of materials is that the band gap and lattice spacing can
be simultaneously engineered. The properties of the band
gap depend on both the alloy compositions and cation
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arrangements. In this work, the band gap properties
of AIXGayInFX yP alloys have been studied by direct

calculations of a large number of alloy configurations. A
large number (~5000) of alloy configurations are generated
using a direct enumeration approach. Then, the band gap
properties of each configuration are calculated using
the empirical pseudopotential method. We will present
the ranges of possible band gaps and their types (direct
or indirect) as functions of compositions. Our results
show that the band gap of the AlGalnP alloy depends
strongly on the cation arrangement in addition to the
alloy composition. However, the band gap type is found
to depend strongly on the composition and only weakly
on the cation arrangements. A majority of alloy studied
have band gaps smaller than those predicted by Vegard’s
law (downward bowing). The band gap reduction can be
attributed to the ordering effects. We will also present
some systematic trends of the band gaps with respect to
the superlattice directions.

The work at NREL is supported by U.S. DOE under Contract
No. DE-AC36-99G010337 and the Thailand Research Fund
through the Royal Golden Jubilee Ph.D. Program (Grant
No. PHD/0162/2547). The work in Thailand is supported by
the Thailand Research Fund (Grant No. BRG5180001) and
Commission on Higher Education (CHE-RES-RG “Theoretical
Physics”).
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Design and Fabrication of Quasi-multilayer
Arrays for the Flat-band Pass Filters on UV-Vis
Wavelength Region
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A simulator to optimize the structure conditions of one-
dimensional photonic quasi-crystals (1D PQCs) has
been developed using a MATLAB program and ourself
manufacturing calculation codes. The designed 1D PQCs
structure were fabricated by sputtering, and their measured
results were compared with calculated results.

Photonic crystals (PCs) require high refractive-index
contrast periodic arrays to obtain omnidirectional photonic
bandgaps (omni-PBGs) or electromagnetic stop bands.
The PQCs are aperiodic arrays possessing long-range
translation but short-range disorder, so that they exhibit
high rotational symmetries and the omni-PBGs even at
low index contrast array. Therefore, the PQCs are expected
to be used for many applications in optoelectronics and
optical communications.

In this work, We designed the 1D PQC arrays for application
to the flat-band pass filters and fabricated on quartz substrate

by sputtering several dielectric targets such as SiO,, TiO,,
ITO, Si and chalcogenides etc. A centre wavelength of
filtering region is 460 nm. The optical transmittance of
fabricated 1D PQCs was measured in a wavelength range
of 250 ~ 800 nm using a UV-Visible spectrophotometer
and compared with the calculated values. As a result, the
fabricated PQCs exhibited optical characteristics in a good
agreement with the calculation.

We believe that the PQC-based devices could be
comprehensively applied to the new conceptional passive
and active devices.
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Normalized Characteristics of the Photonic
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Simulation

Jong-Bin YEQ?; Hyun-Yong LEE?
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Characteristics of the photonic bandgaps (PBGs) in two-
dimensional photonic quasicrystals (2D PQCs) with 8-fold
have theoretically studied using a finite difference time
domain (FDTD) simulation.

In this paper, we propose a concept of optical coverage
ratio (OCR) as a new structural parameter to determine
the PBGs for E-poloarized light. The OCR is an optically
compensated filling factor. It is possible to normalize the
PBGs of 2D PCs by introducing the OCR.
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3 Dimensional Printing of Pollution Absorbing
Lamination = Composites for  Architectural
Materials

Ginger DOSIER
Architecture, American University of Sharjah, Sharjah,

United Arab Emirates

Air pollution continues to increase as construction and
traffic contribute large amounts of hydrocarbons, carbon
monoxide, and nitrogen oxides into the atmosphere.
The objective of this research is to define the potential
integration and implementation of a three-dimensional
printed material surface that mitigates certain forms of air
pollution.

Assimilating both the disciplines of architecture and
material science, our collaborative research is currently
developing architectural surfaces and units that absorb



	01_CompMaterSci49_S114.pdf
	The effects of unit cell size on the bandgap range in the direct enumeration study  of AlxGayIn1−x−yP alloys
	Introduction
	Calculation
	Results and discussion
	Conclusions
	Acknowledgements
	References





