
UNCLASSIFIED

Defense Technical Information Center
Compilation Part Notice

ADP013187
TITLE: Modeling of Band Offsets in GaN Based Heterostructures

DISTRIBUTION: Approved for public release, distribution unlimited
Availability: Hard copy only.

This paper is part of the following report:

TITLE: Nanostructures: Physics and Technology International Symposium
[9th], St. Petersburg, Russia, June 18-22, 2001 Proceedings

To order the complete compilation report, use: ADA408025

The component part is provided here to allow users access to individually authored sections
f proceedings, annals, symposia, etc. However, the component should be considered within

-he context of the overall compilation report and not as a stand-alone technical report.

The following component part numbers comprise the compilation report:
ADP013147 thru ADP013308

UNCLASSIFIED



9th Int. Symp. "Nanostructures: Physics and Technology" WBGN.07p
St Petersburg, Russia, June 18-22, 2001
(0 2001 loffe Institute

Modeling of band offsets in GaN based heterostructures
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Abstract. We present a tight binding modeling of the band offsets of GaN based heterostructures.
The model considers the nonorthogonality of the sp 3 set of orbitals of adjacent atoms and spin-orbit
coupling and uses the Hartre-Fock atomic energies and interacting matrix element, obtained by
fitting existing band structures for bulk materials, to determine the valence band energies at 0 K and
1 Bar, which are screened by the optical dielectric constants of bulk materials at any temperature,
pressure, strain, and composition. The model compares very well with experiment for the valence
and conduction band offsets of GaN based and many other heterostructures.

Introduction

The band offsets appearing at heterointerfaces dominate various device properties such as
injection efficiency in heterojunction bipolar transistors (HBT) and the carrier confinement
in modulation doped FETs (MODFETs) [1]. The need for precise and reliable prediction
of band offsets has received the considerable attention of the solid state device scientists
and engineers over the years (see Ref. [2] for a detailed discussion). In this article, the
band offsets at GaN based heterointerfaces are determined using the extended tight binding
model [3]. The presented model includes the overlapping of hybrids at neighboring bonds
and anti-bonds such that it cannot simply be absorbed into a re-scaling of other parameters
to find the valence band energies which are screened by the optical dielectric constants
of constituents which are temperature, pressure, interface strain, and alloy composition
dependent.

1. Extended tight binding modeling of band offsets

Consider the formation of bonding and antibonding states for a binary semiconductor from
isolated c-cation and a-anion atoms. One uses the linear combination of bond orbitals sp 3

hybrids of the s-and p-states to write a bond orbital wave function as I Ohac >= u, lha >
+uclohc > [3]. Here 10h >= !(Is > +,/31p >) is the wavefunction of the sp 3 hybrid
which has the expectation value of Eh =< Oh IH1h >= (E, + 3E)/4 and uc and ua are the

coefficients. E, =< q0,1H 10, > and Ep =< opIHIop >= Eop + A/3 are Hartree-Fock

free atomic term values, where A/3 is the crystal field splitting energy of p-states [4] and
E0p is the value of Ep without the splitting. By using the variational principle the bond
and antibond orbital energies can be obtained and minimizing the expectation value E with
respect to coefficients u, and ua (aE/auc = 0 and aE/aua = 0) one obtains a set of two
linear equations for u, and ua. The solutions of this set of equations are the energies of

antibonding and bonding hybrids, obtained from: y2,=I (Hij - ESij) = 0. Here H11 = Ehc
and H22 = Eha are the hybrid energies, H12 = H*1 = Vsp3 is the interaction matrix and
S2= S21 S = S22 = 1 are the overlap integrals between orbitals on adjacent
anion and cation and on the same cation or anion. The interaction between the hybrids on
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the same anion and cation, or between the bond and neighboring antibonds will broaden
the hybrid energies into valence and conduction bands at k=0, and for the valence band
energy is written as [31:

Ehc + Eha Vsp3 aSp3
Ev(P 8 v) = Eb - Emv =- _ S2) S2) - AEh - Emv (1)

AEb = 2) [(Ehc - Eha)2- 4 (Eha + Eha) Ssp3Vsp3 + 4EhcEhaS2p3 + 4V 3 1/2(2)Ah-2(l -S2p3) 
(2)

where AEh is the hybrid bonding gap. Minimizing AEh relative to lattice constant a
((aAEh)/(aVsp3) = 0) one obtains the overlap integral: asp3 = 2Vsp3 (EhA + EhB), where
Vsp3 = k/a 2, with coefficient k ; 107 obtained from the fitting to band structure of bulk
semiconductors. The metallization contribution to the broadening of bonding energy Eb
into valence band energy Ev is [4]: Emv = (1/2)[(1 +up)Vlc+(1 -up)Vla4+2ucV', where
V1 = (Ep -Es)/ 4 characterizes the s-p splitting in the free atom. V' = -1(Vss÷2Vsp/V/3-
Vpp) is the additional contribution to the matrix elements between nearest neighbor bonds.
Since the uc/uc ratio defines ionic character of hybrid, the polarity up and covalencey ac of
hybrid bond are defined as [31: up = uc/(u2 + u2) 1/ 2 and etc = (1 _ C12)1 /2 Demanding

that Ohac > is normalized, < Ohaclqhca >= u 2 + U2 + 2 ucucSsp3 = 1, coefficients uc
and uc can be obtained by solving the secular equations using the bonding energy E = Eb
giving uc and uc for the bonding hybrid:

(Vsp 3 - Ssp3E) (E - Ehc) (3)

Usp3 Usp3

USP3- [(Vsp 3 - Ssp3E)2 + (Ehc - E) 2 - sp3 (E - Ehc) (Vsp3  SSP3E)] 1/2

The band offset at A/B heterointerface is then found from the following equation

AEv = (-) -() (5)
80)B - 0 A

where e, the optical dielectric constant of the constituent semiconductors. The conduction
band offsets at high symmetry points F6c, L6c, and X6c can be obtained from AEci =
AEgi - AEv, where AEgi ((with i=F, L, X)) is the bandgap difference. The conduction and
valence band energies, defined as the standard state chemical potentials, at any temperature
and pressure can be written as [5]:

rac p2  (I + B)p3Ec(T, P) = Ec (0, P0) +- Cp T (I - lnT) - P- P 2B66B

B (1 (7 )
Ev(T, P) = Ev (0, Po) +- Cp T (I - lnT) 40 -v P 2B (I+B--p3 (7)

where P0=1 Bar and P is the applied pressure. a, = -B(aEc/aP) and av = B(aEv/aP)
are deformation potentials of Ec and Ev, with bulk modulus B and its derivative B' =

B/P. CO = Cop - pOp - p + ACO and Cop = Cop standard heat capacities
of conduction electrons and valence holes, where CO =Cop = CO = (5/2)kB and

it, n ~~pp= 52kan
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COP CnP + C0  AC 0 , with AC0 being the heat capacity of reaction which is obtained
from fitting of the bandgap Egi (T, P) = Eci (T, P) - E, (T, P) to its corresponding measured
value [6]. The effects of interface strain on AEc and AEv can be found by substituting
P = -2BfCfEfI for heterolayer and P = -3B3E, = 0 for substrate for a (001) growth,
written as [3]:

2 (1 +B}) 2 2AEv(T, E) = AEv(T) - 2avfCfEfI [1 + CfEf±] -
2 avfCf(f Cf)f2 (8)

32 (1 +B 2 2AEci (T, E) = AEci(T) + 2acfCfEfI [1 + CfEfI1 - 2acfC•f2 ( Cf+ f2 (9)

3

where EfI = (afi - af))/af. Here af11 = a, and af_ = a f[l I- Df(af 1 - af)/af] and
Df = 2C 12 /CII with C1I and C12 the elastic constants.

The valence band offset at AxBi-xC/BC heterointerface is obtained by taking anion
energy as Ejpa (C) and cation energy as Epc (x) = XEpc (A) + (1 - X)Epc (B) and lattice constant
a(x) = xa(AC) + (1 - x)a(BC), in calculating E, (x) of AxB -xC ternary. The composition
effects on conduction band offset AEc (x) can be obtained with the use of Vegard's rule and
Kane's k* p model for semiconductors [1, 7]: (1/mn(x)) = 1 + (p2 (x)/ 3 )[(2 /Eg(x)) +
1/(Eg(x) + A(x))], where mn(x) = mnAmnlB/(XmnlB + (1 - X)mnlA) is the ternary electron
effective mass obtained from Vegard's rule [1, 7]. mnA and mnB are the electron effective
masses of binaries A and B. P(x) = XPA + (1 - X)PB is the momentum matrix and
A(x) = XAA + (1 - X)AB is the spin-orbit energy. PA and PB of binaries A and B are
obtained from Kane's equation with measured mn (x) and A (x) for x-0 and 1 [6]. Kane's
equation can be rewritten in a quadratic form for bandgap Egr, whose positive root gives
[31: Eg() 3/y(x) - A(x) 1i ]1/

Egr(x) = 2 + I[(A(x) - 3/y(x)) 2 + 8A(x)/y(x)1 (10)

where y(x) = 3(1 - mn(x))/mn(x)p 2 (x). A similar expression can be found for EgL
bandgap using equation (31) of Adachi [7]. The indirect gap Egx is determined from
Egx (x) = Egr (x) + (EgXA - EgFA)x + (EgXB - EgrB)(I - x). Here EgXA, EgXB, EgFA,
and EgrB are the indirect and direct bandgaps of binaries A and B.

Results and discussion

The valence band offsets at A1N/GaN, GaN/InN and A1N/InN and GaN/GaP heterointer-
faces are obtained from Eq. (5) using the Hartree-Fock free term values [4], measured
bandgaps, and the spin orbit splitting energies [4, 6]. Predictions of this work (ETBI) are
given in Table I, compared with those of p-p extended tight binding model (ETBI) [8],
self consistent tight binding model (SCTB) [9], linear mufin thin orbital model (LMTO)
[10], and the first principles electronic structure model (FPES) [11] against the experiment
[12, 13]. The model predictions are compatible with those of quantum mechanical models,
which are based on the elaborate band structure calculations of heteroj unction components.

The model was also applied to II1-Nitride based ternary/binary heterostructures to de-
termine the composition effects on band gaps and band offsets. The parameters used for Al-
GaN/GaN heterostructure are: mn/m0-015 and 0.25, mp/momo-0.40 and 0.70, As/meV-1 1
and 19, and Egi-/eV-6.20 and 3.39 for GaN and AIN, respectively [14, 15]. Although
there is no data available for AE, at AlxGal-xN/GaN heterointerface, prediction of Eq.
(10) for the direct bandgap Egr of AlxGal-xN, is found to be in good agreement with
experiment[14].
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Table 1. Comparison of this work (ETB 1) with those of p-p extended tight binding (ETB2) model
[8], self consistent tight binding model (SCTB) [9], linear mufin thin orbital model (LMTO) [10],
and first principles electronic structure model (FPES) [11], against the measured valence band
offsets [12, 13]. (All values are in eV.)

System ETBI ETB2 SCTB FPES LMTO Experiment
AIN/GaN 0.26 0.33 0.17 0.84 0.85 0.57 ± 0.22 [12]
A1N/InN 1.52 1.66 0.13 1.04 1.09 1.81 ± 0.20[12]
GaN/InN 1.27 1.33 -0.04 0.26 0.51 1.05 ± 0.25[12]
GaN/GaP 1.84 1.74 1.89 1.72 - 2.30 ± 0.6 [13]
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