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ABSTRACT
The InAs/AISb heterojunction system is a lattice matched semiconductor system with type-Il band
alignment at the interfaces. This system is attractive to ultra-fast electronic device application due to
its high mobility and large conduction-band offset. The superlattice can have two different interfaces:
AlAs-like or InSb-like. These interfaces have very different interface roughness, mobility and carrier
concentrations. There is experimental evidence showing preferential local arrangements of the
interfacial atoms. First principle pseudo-potential calculations indicate that such superlattices with
switched layers at the interfaces are more energetically favorable than superlattices with ideal sharp
strained interfaces. We theoretically calculate the phonon modes of the InAs/AISb superlattices using
a one-dimensional linear chain model. We compare the interface modes for superlattices with the two
different interface structures. We found that there not only are more interface modes in the superlattice
with the switched interface layers, but that there also exist bulk modes at the interface, a special feature
of this structure.

INTRODUCTION roughness, mobility and carrier concentrations.
The InAs/AISb heterojunction system is a lattice matched
semiconductor system with type-Il band alignment at theThere is experimental evidence showing a preferential
interfaces.1-3 Depending on the structure of an InAs/  local arrangement of the interfacial atorh3. First
AISb superlattice, two types of interfaces can make up th@inciple pseudopotential calculations indicate that such
system: AlAs-like or InSb-like. For instance, in Figure 1superlattices with switch layers at interfaces are more
an AlAs-like interface is formed. In a one dimensional energetically favorable than superlattices with ideal sharp
linear chain model, the interface is named by the ‘adjoin-strained interfaces.
ing’ atoms between the two lattices that make up the
superlattice.These interfaces have very different interfacd here are four possible types of switches of atomic layers
at the interfaces for In As/AISb superlattices:
1) the anions around Al
2) the anions around In
Josh has completed the third year of a five-year 3) the cations around Sh
program that consists of attending lllinois State 4) the cations around As.
University (ISU) for the first three years and then the It has been shown that the switch of the cations around an
University of lllinois at Urbana-Champaign (UIUC)| anion is energetically more energetically favorable than
for two years. After the five years, he will receive 8 non-switched interfaces and when the anions are switched
bachelor’s degree in physics from ISU and one in around the cation%. In our case, the most favorable
mechanical engineering from UIUC. He also has switch is that of In and Al around As.
completed the requirements for a math minor at ISJ.

To better understand the characteristics of these

This research was started in December of 1998 and superlattices, we theoretically calculated the phonon
there are plans to continue it. The initial results wgre modes, the vibrational frequencies and vibrational ampli-
presented at the Centennial APS meeting in Atlantp intudes. Some of these vibrational amplitudes at certain
the spring of 1999. During the summer of 1999 hg frequencies are more localized at the interface. They are
received a REU award from the NSF and traveled {o called interface modes. The interface modes are used as

China for three weeks where he continued this variables to model the behavior of the interface.
research at the Institute of Semiconductors of the
Chinese Academy of Sciences. THE MODEL

We calculate the phonon modes, including the vibrational
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Figure 1
A three-dimensional InAs/AISb (100) superlattice mappe

into a one-dimensional linear chair. (a) th® anit cell of
the superlattice with ideal AlAs-like interfaces. (b) The

whereF; is the net force on atomF;;; is the force from
atomj on atom im is the mass of atomandUy  is the
displacement of thigh atom in thenth unit cell. In

Equation 1j goes from 1 to 28, the total number of atomic
layers in the superlattice unit cell.

We assume that each atom acts as a harmonic oscillator, so
its displacement can be written as:

Un,i = AO,i ei(kna'—wt) ) (2)
whereAg i is the amplitude of the vibration of tiieatom,
fis the wave vecton is the unit cell numbeg' is the
total length of the unit cell (in our casea?8herea is the
nearest layer distancey,is the vibrational frequency and

superlattice with switched layers of In and Al around As a§ time.

both AlAs-like interfaces

frequencies and vibrations strengths, of the InAs/AISb
superlattice with both the ideal sharp interfaces and with

switches of atomic layers at the interfaces. To do this, we

used a one-dimensional linear chain motlelhe three-

To find the net force acting on the ith atom, we consider
only the nearest neighbor interaction:

Fi:J;Fj,i:Fi-l"'Fiu . (3
Equation 3 can be put in terms of displacements by

dimensional InAs/AISb(100) superlattice was mapped inti¢calling that the harmonic oscillator force depends

a one-dimensional linear chain as shown in Figure®©l.

In Figure 1, each atom represents an atomic plane that has

the same atoms as in the real superlattice structure. Si
all the atoms on the same plane have the same motion
when the wave vector is along the superlattice growth

direction, one atom can be used to represent the entire

linearly on displacement:

l:i :ﬁ(Un,i+1_Un,i) + .I;(Un,i+1_Un,i) ' (4)

n\%ﬁﬁerefi is the force constant between atoand atom+1.

For the longitudinal modes, all of the force constants are
taken to have the same value. For the transverse modes,
we have two different force constants.

atomic plane. In Figure 1, the reversed triangle represents

an Al layer, the triangle an Sb layer, the circle an As laye
and the square an In layer.

Following the lead of a similar stuglywe considered
twenty-eight atomic layers in the unit cell of our
superlattice.

The structure of InNAs/AISb (13,15) superlattice with AlAs

ideal interfaces is shown in Figure 1a. The structure of the ~
same superlattice, but with cation layers switches around

the As layer at the interfaces is shown in Figure 1b. The
vertical lines in this figure show where each interface or
interface boundary is located.

Our calculations are performed in a manner similar to a
previous study of phonon modes in InAs/GaSh
superlattices, which uses one force constant for the

longitudinal modes and two for the transverse modes and’
Since

considers only the nearest neightbor interactions.
the constituent materials of InAs/AISb superlattices are
similar to those of INAs/GaSb superlattices, we used the

same force constants: 0.8 N/cm for longitudinal modes and

1.25 N/cm and 0.12 N/cm for the transverse mogles.

CALCULATIONS

'éubstituting Equation 4 into Equation 1 gives:
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Figure 2

Calculated phonon modes of the four bulk materials: (a)
InAs; (b) AISb; (c) InSb; AlAs. The left panels are for
longitudinal (L) modes and the right panels are the

The calculations start using the Newton’s second law of transverse (T) modes. The acoustic modes are shown as

motion. For the ith atom in the nth unit cell, we have:

dotted lines and the optical modes are shown as solid
lines.
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d’U,,, and
m dt2' =fU i+ Uy =+ 1)U, ©)

A=MZA. (12)
. . . . .. We found the eigenvalues and eigenvectors of the Hermi-
Wheni = 1, the first atom in the unit cell, we consider its tjan matrix, T, using a library subroutine and a FORTRAN
interaction with the Iast.atom in Fhe previous unit creﬂ,. 90 program. The eigenvalues, of the Hermitian matrix
Wheni is the last atom in the unit cell, we consider its  gye the squares of the frequencies of the phonon modes.

interaCtion W|th the fiI‘St atom in the next unit CeH‘,l. The real and imaginary parts of the eigenvectors are
The first atom and last atom calculations contain an related to the vibration amplitudes by Equation 12.
imaginary part due to the interaction of the previous (n-1)
and next (n+1) unit cell. DISCUSSION
o i i . , We first calculated the phonon modes for the four bulk
Substituting Equation 2 into Equation 5 gives: materials: InAs and AISb, the constituent materials of the
First atom superlattices and InSb and Al As, two of the possible
—mu?A,; = fer @A L + T A —(F+T_)A,; (6) Iinterface materials. Figure 2 shows the results of our
Other atoms calculations. For each bulk material, we show the longitu-

_ dinal mode ) and the transverse modB.( The
—MW A = fA L+ Ao —(B+ EDA (D) frequenices that are below 150-rfin Figure 2 the dotted
Last Atom lines) represent the acoustic modes, the ones above 150
—mMwPAg; = A+ A = (F+ T DA, (8) cnrl (in Figure 2 the solid Iines)_ represent the _optical
We use equations 5-8 to calculate the motion of all the Modes. When the wavelength is of the mode is much

atoms. Equations 6-8 can be written in matrix form as: larger than the unit cell and the atoms vibrate in phase with
each other it is called an acoustic mode. When the atoms

WMA=DA, (9  vibrate out of phase with one another, it is called an optic
wherew is the frequencyM is a mass matrix wheiMj =  mode.
m when; =j andMjj; = 0 wheni #j, A is a vector withy =
AoiandDis a matrix consisting of the force constants.  Because all four of the materials, two bulk materials (InAs
Equation 9 can be rewritten in terms of a Hermitian matrixnd AISb) and the two interface materials (InSb and AlAs)
Tas: have similar acoustical frequenicy ranges, the superlattice
WA =TA", (10) acoustical frequency range is similar to that of the bulk
material. On the other hand, the otical frequency frange
N N for these four materials are quite different. Therefore, the
T=M2DM 2, (11)  superlattice optical modes will be confined in one of the
materials.

where

AlAs at Ideal Interfaces InSb at Ideal Interfaces
L T . ; Since when we calculate the modes of the bulk material,
400 - q . we took the unit cell to be the same as the superlattices (28
1 atomic layers), the results are the same as one would get
by folding the Brillouin zone for the conventional bulk
material fourteen times as the bulk material only has two
atoms in the unit cell.
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We next studied the superlattices with ideal interfaces and
E interfaces with switched atomic layers. We followed the
nsoike  techniques used in a previous study of phonon modes in
ZnTe/CdSe superlattice:® The phonon modes calcu-
lated for the structure shown in Figure 1(a), (AlAs-like),
are shown in Figure 3(a). Figure 3(b) shows the calculated
phonon modes for an ideal InSb-like interface. Figure 4
shows the results of the phonon mode calculations for the
o J ;i o two possible switc_hes of cation layers about an As layer
“ K (n/a') K(ma) K@) with two different interfaces: (a) AlAs and (b) InSh.
a (b)
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The possible interface modes are indicated by the label IF
. .in Figures 3 and 4. The interface modes are identified b
Calculated phonon modes of InAs/AISb superlattices W'{ﬁ)mgaring frequency range of the corresponding bulk y

two possible ideal interfaces: (a) AlAs-like and (b) InSb'material in Figure 2 with the calculated superlattices that

like. The right panels represent transverse mo_des and tttﬁgve ideal (Figure 3) and switched (Figure 4) interfaces. If
left panels represent longitudinal modes. The interface

modes are identified by the letters IF. the frequency of a superlattice is in the range of either of

Figure 3
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Cations Swithced Around Cations Swithced Around vibrational frequencies for several different types of
As at Interface Sb at Interface phonon modes in INAs/AISb superlattices. The three
4004 L 4T T L T displays in Figure 5 are for the superlattice with ideal AlAs
. 1 : 1 interfaces. The top display is for a frequency where the
350 T (F 1 —F phonon mode is shared by all of the involved material, the
== AlAsike 1 AlAs-like vibrational amplitude extends to the entire superlattice.
3001 ] ] ) The next display shows a confined mode. The vibrational
> oo ] | B amplitudes are confined to the InAs layers. The third
E ] = I— display shows the transverse interface mode of the
3z 200 7 IF 8 8 -~ |F superlattice with an ideal AlAs interface. The frequency of
5 .. 1| nstlke Insb-ike  this phonon mode is seen in neither InAs or AISb bulk
R = B = ] material. It only belongs to AlAs, so this mode is sharply
L g0 _; | = J located at the interface.
=] =
0| = — When the layers are switched as shown in Figure 1(b),
] ] T i there will be both InSb and AlAs layers at the interfaces.
0 0 o 1 IR o 1 There will also be some thin bulk layers of InAs and AlSb
K(r/a) Kma) K (n/a") K (n/a") at the interfaces. There will be more interfaces modes in
(@) (b) this case, and some bulk modes could also be localized at
Figure 4 the interface. Figure 6 shows modes in the superlattice

th the switched interface structures shown in Figure
b). The first three displays are transverse interface
modes, one InSb mode and two AlAs modes where the two
AlAs modes have degenerate frequencies and are localized
at the two interfaces. The last display shows a confined
InAs bulk mode within the thin bulk layers that the
the two bulk materials, it is a mode extended to the entiréwitched layers produce at the interface.
superlattice, and is called an extended mode. If this
frequency belongs only to one bulk material, the mode wilVe find that the phonon modes for superlattices with ideal
be confiend to the material and called a confined mode. $harp interfaces differ from those with switched atomic
the frequency is in the grange of the two of the two layers in that the switched superlattices have more
interface materials (InSb or AlAs) but not in the range of interface modes than the ideal interface. This is probably
the bulk material, it is an interface mode. The interface due to the increase in the thickness of the interface due to
modes of AlAs and InSb are more easily seen inthe  the switching layers. The phonon modes for the InAs/
transverse vibration graphs. Note that there are more AlSb superlattice depend on the interface structures.
interface modes in the superlattices with switched atomic
layers than in the superlattices with ideal interfaces. ACKNOWLEDGMENTS
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Calculated ;phonon modes of the two possible switches %‘G
cation layers around the As layers for superlattices with
two different interfaces: (a) AlAs-like and (b) InSb-like.
The interface modes are identified for the transverse
modes by the letters IF.
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_ Figure 5 A few different types of modes with both calculated
A few_dlfferent types of modes with both caICL_JIated vibrational amplitudes (eigenvectors) and the
vibrational amplitudes (eigenvectors) and their corresponding vibrational frequencies (eigenvalues) in the

corresponding vibrational frequencies (eigenvalues) in thiAs/AISb superlattice. The top three are the transverse
InAs/AISb superlattices. These are for the superlattice interface modes of the superlattice with switched layers of
with ideal AlAs interfaces where (a) the extended , (b) the\l and In around As. The bottom display is the confined

confined modes, and (c) the transverse interface modes lpfilk mode within the bulk layers that are produced by
the superlattice with AlAs ideal interfaces. switching layers at the interfaces.



18 THE JOURNAL OF UNDERGRADUATE RESEARCH IN PHYSIG

Summer 2003

assistance while continuing this research in China and Dr
Shang-Fen Ren for suggesting the research topic and
advisement. He also would like to thank the Research
Corporation and the National Science Foundation for
supporting his research.

REFERENCES
current address of author: 3688 Springlake Circle,
Loveland, OH 45140 jmatsko@uiuc.edu.

. J. Shen, H. Goronkin, J.D. Dow and S. YU. Ren, J.
Appl. Phys. 77, (1995), p. 1576.

. H. Luo, N. Smarth. F.C. Zhang, A. Pareek, M.
Dobrowolska, J.K. Furdyna, K. Mahalingam, N.
Otsuka, W.C. Chou, A. Petrou and S.B. Qadr, Appl.
Phys. Lett., 58, (1991), p. 1783.

. S.F. Ren and J. Hen, “Ab Initio Pseudopotential
Calculations of InAs/AISb Heterostructures”, J. Appl.
Phys. 81(3), (1997), p. 1169.

. A.S. Barker, Jr. J.L. Merz and A.C. Gossard, Phys. Rev.
B, 17, (1978), p. 2181.

. A. Fasolino, E. Molinarfi and J.C. Maan, “Calculated
superlattice and interface phonons of InAs/GaSh
superlattices”, Phys. Rev. B, 33, 12, (1986), p. 8889.

. Y. Jin, Y.T. Hou, S.L. Zhan, J. Li, S.X. Yuan and
G.G.Qin, “Interface vibrational mode in CdSe/ZnTe
superlattices”, Phys. Rev. B, 45,20, (1992), p. 12141.

. Z.Z. Xu, H. Dowd, S.F. Ren and Z.Q. Gu, “Phonons in
ZnTe/CdSe superlattices with interchange of cation
layers across interfaces”, J. Phys. Condens. Matt., 9,
(1997) p. 1539.

. S.F. Ren and Z.Z. Xu, “In plane phonons in (001) ZnTe/
CdSe stained superlattices”, Solid State Communica-
tions, 104, 7, (1997) p. 435.

FACULTY SPONSOR
Dr. Shan-Fen Ren
Department of Physics
Campus Box 4560
lllinois State University
Normal, Il 61790-4560
ren@phy.ilstu.edu



