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Valley splitting in strained silicon quantum wells
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Atheory based on localized-orbital approaches is developed to describe the valley splitting observed
in silicon quantum wells. The theory is appropriate in the limit of low electron density and relevant
for quantum computing architectures. The valley splitting is computed for realistic devices using the
quantitative nanoelectronic modeling tool NEMO. A simple, analytically solvable tight-binding
model reproduces the behavior of the splitting in the NEMO results and yields much physical
insight. The splitting is in general nonzero even in the absence of electric field in contrast to
previous works. The splitting in a square well oscillates as a functid tife number of layers in

the quantum well, with a period that is determined by the location of the valley minimum in the
Brillouin zone. The envelope of the splitting decays $is’. The feasibility of observing such
oscillations experimentally in Si/SiGe heterostructures is discussed0@ American Institute of
Physics. [DOI: 10.1063/1.1637718

There is much interest in developing semiconductingover, Ohkawa’s methods have been criticiZeah) important
nanostructures in which spins are coherent: for example aonceptual problem is that his multiband effective mass
spin-based quantum dot quantum complfeasons for us- theory uses &-state basis, fundamentally inappropriate for a
ing silicon as opposed to gallium arsenide heterostructureguantum-confined structure, and includes a structure-specific
include (1) longer intrinsic spin coherence times due tointervalley-coupling constant.
smaller spin-orbit coupling an(®) eliminatiorf of decoher- Here the empirical tight-binding method is used to study
ence caused by coupling between electrons and nuclear spinalley splitting in the limit of low electron density. The
by use of isotropically pure spin-zer§Si. However, one localized-orbital basis used in tight binding is most appropri-
complication of Si compared to GaAs is that unstrained Site for heterostructures, which have large changes of the po-
has a sixfold degenerate conduction-band minimum. Straitential on the atomic length scale.
in Si/SiGe heterostructures reduces the sixfold valley degen- Figure Xa) shows the valley splitting versus well width
eracy to be twofold, but the remaining twofold valley degen-at various electric fields for strained 01] quantum wells
eracy is a potential source of decoherence and othewith hard wall boundary conditions using strain conditions
difficulties It is thus of great interest to understand how toappropriate for a $igGey, relaxed substrate. The results
lift this remaining two-valley degeneracy and maximize thewere obtained using the Nanoelectronic Modeling tool,
energy splitting between the lowest quantized levels.

Valley splitting has been studied experimentalgnd
theoretically’ Early work includes the effective mass ap-
proaches of Sham and Nakayahs single interfaces, and
Ohkawd in quantum wells. More recently, Grodsased an
sp® empirical tight-binding model to study the splitting in Si
superlattices. None of these works focus on the essential dif-
ferences in the behavior of the valley splitting in triangular
versus square wells. However, modern heterostructures have
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relevant. Ohkawahas found the essential features of theFIG. 1. Valley splitting vs well width in a strained Si quantum wet)

Va“ey Spllttlng 'n. f!n'te quamum square \_Nel_lS: the prese_ncesplitting at various applied fields using NEMO'’ssp®d®s* model, with
of a nonzero splitting even in zero electric field; the oscilla-integral numbers of monolayeréy) comparison of NEMO results at zero
tion of the splitting as a function of quantum well thickness; applied field vs simple tight binding model. Symbols show NEV) and

e i<l two-band(X) results evaluated at atom sites. Lir@sth interpolation are
and the decay of the splitting as the cube of the well thick 4. (5, as written (dotted, or scaled to better match NEMQiashett

ness. However, Ohkawa _did_ not app_reciate the essential rolgajing is justified by the many evanescent states absent from the simpler
of the square well potential in obtaining these results. Moremodels.
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FIG. 2. Bulk dispersion from NEMO and Eql). Valley splitting arises cientg of two valley-split states(b) valley splitting in a strained Si quantum
when there are two pairsk{,,—k; ;) of counterpropagating bulk states well with hardwall boundary conditions versus applied field for several well
forming two degenerate bound states with the proper cosine-like envelope 4fidths in monolayers, calculated NEMO.

a given energy. Under confinement to lengtthis envelope is characterized

by (k;—k,)/2~A~=/L for energyE(k,)=E(k,). In the parlance of per- . . I .
turbation theory, confinement couples these two degenerate states, wh&HEMO calculation in terms of the oscillations and their en-

splitting of the lowest two QW eigenstates, each of which is characterized/€lope shows that the two-band model captures the essential
by a pair of bulk statesk{° k$°) for even and odd parity. Roughly, the physics of valley splitting.

envelopes of both lowest eigenstates are this same cosine, while the rapid Tq gbtain analytic expressions for the vaIIey splitting of

oscillations determined byk{ +k,)/2~k, are of opposite paritjfFig. 3a)]. . . . .
Inset: Sketch of two versions of a simppeorbital tight-binding model, the model of Fig. 2, we write the wave function in the

related by a basis change; positive lobes are shaded, negative white. Uppé@calized-orbital basis for a chain of\2+ 1 unit cells(each

Single-band model with onp-like orbital per atom and one atom per unit unit cell of the chain represents a monolayer [B01]-

cell (size a/2). Parameters are (onsite, v (nearest-neighbar and u oriented S) centered at the origin as
(second-near-neighboiLower: Doubling the unit cell to two aton{sizea) !
yields a two-band model.

N
=2 [C||asja)+CiP|Bija)l, 2
NEMO,? a heterostructure modeling tool that simulates high I=-N
bias transport across heterostructure layers using the nohere o and B are the localized orbitals. Each energy of
equilibrium Green function formalism. NEMO has beennterest for valley splitting lies in the valley of the lower
used for the quantitative design of resonant tunneling di-pand with two Bloch statek, andk,, satisfying Eq.(1):
odes, MOS oxide thickness analysis and studies of incoher-
ent scattering. Here a nearest-neighbor, tight-binding, spin- E-(ky)=E_(k3). 3

orbit sp*d®s* modef® with 40 orbitals per unit cell, recently h he localized-orbital . ffici
updated for strained SiGe systems is used. NEMO provides%t cac benergy, t ed ocailze 'O;b::a expantsjlolz c§£|ents,
' , can be expressed in terms of these two bulk s e

highly accurate picture of the atomic-scale structure of elec;’ . : ; .
. . : S : .~ -"to inversion symmetry the eigenstates of [E?). are simul-
tronic wave functions in a silicon quantum well in the limit

o . . taneous parity eigenstates. The even states are linear combi-
of low electron densities appropriate for quantum computing

Three features of the calculation stand dutthe splitting is qatlons of cosines o, -and kz, while the odd Tc,t-ate.s are
SN . o - linear combinations of sines. The hard wall condition implies

nonzero even at zero fieldj) the zero field splitting exhibits

oscillations as a function of well width; aridi ) the envelope c@,=cl) =0, Cga(>N+1): C(,B(>N+l)= 0. (4)

decays as the cube of the well thickness.

While NEMO gives results of high accuracy, the sheerThe very different physics of quantum-confined states in
number of bands in the model blur the underlyigmple direct- and indirect-gap quantum wells is a consequence of
physics. Two simple models that are related through basithe bulk bands together with Eq®)—(4). In both cases de-
transformationgFig. 2) are developed to gain more insight; generate Bloch states k may be combined so that the co-

only the two band is considered héfe. efficients are sines and cosines. In a direct-gap well there is
The bulk (cyclic boundary version of the tight-binding only one pair of Bloch states at each energy, so thaanes-
model has the dispersion relations cent states asigl¢he hardwall condition can only be satisfied

by doublingk on going from the ground to the first excited
1) state. In contrast, for an indirect gap well, the hardwall con-
dition may be satisfied by not only altering the valkgsand
k,, but also their mixture. Hence the lowest two states are
wherea=2.715 A is the length of a unit cell. Fitting E¢L) characterized by pairk{ ,k3), (k3 ,k3) differing slightly, so
to bulk dispersion curves obtained from NEMEig. 2), to  that the lowest even and odd states have cosine-like enve-
obtain the same degenerate valley minima and curvaturgopes with k3°—k5°)/2~«/L [Fig. 3@)].
yieldsv=0.683 eV andu=0.612 eV. For a quantum well o8atoms S=2(2N+1)], Egs.(3)

The energy differencd,, between the two low-lying and(4) can be solved analyticaffjorder-by-order in powers
eigenstates in the finite two-band model is now calculatedf (S+2) 1. To leading order in $+2) 1, the splitting,
without additional fitting parameters, as shown in Fip)1  denotedE,,, is
Since NEMO incorporates spin-orbit coupling while the two- )
band model does not, it is clear that spin-orbit coupling is

167“u
: : T Eoi=-—=—%=3|siN(S+2 si , 5
irrelevant!? The excellent agreement with the sophisticated 2 (s+ 2)3| ML(S+2) ol sinl bo) ®)
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where ¢o=k,a/2 and sing,)=+1— (v/4u)?. Higher-order valley splitting in Si quantum-confined heterostructures are
corrections to Eq(5) can be calculated in a straightforward presented. NEMO multiband calculatirgive the quantita-
manner'! these corrections are modest down to quantuntive details while two-band calculations elucidate the physics
well widths of order 40 unit cells. of these structures. In particular, zero-field splitting oscilla-
Equation (5) predicts a decay in the amplitude of the tions with well width are predicted and explained, reasons
oscillations with 8+ 2) 2. The oscillations with well width ~ for the amplitude decay of the oscillation and reasons for the
have a frequency determined by the location of the valleyalternating parity of the ground state are given. Experiments
minimum k,,,, and are a direct consequence of the phaséo probe the oscillations in the splitting will require samples
matching at the interface becoming almost identical for thewith well widths accurate to one monolayer. The results lead
two lowest states. A corollary of this oscillatory behavior isto a better understanding of these nanostructures.
that the parity of the ground state alternates between even

and odd. The alternating parity has already been ntitbdt , _
has not been explained. Joynt. Work at JPL, UAH, and UW was sponsored in major
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