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The achievement of universal quantum computing critically relies on scalability. However, ensuring the necessary
uniformity for scalable silicon electron spin qubits poses a significant challenge due to the considerable fluctuations in valley
splitting energy (EVS) across quantum dot arrays, which impede the initialization of qubit systems comprising multiple
spins and give rise to spin–valley entanglement resulting in the loss of spin information. These EVS fluctuations have been
attributed to variations in the in-plane averaged alloy concentration along the confinement direction of Si/SiGe quantum
wells. In this study, employing atomistic pseudopotential calculations, we unveil a significant spectrum of EVS even in the
absence of such concentration fluctuations. This spectrum represents the lower limit of the wide range of EVS observed in
numerous Si/SiGe quantum devices. By constructing simplified interface atomic step models, we analytically demonstrate
that the lower bound of the EVS spread originates from the in-plane random distribution of Si and Ge atoms within SiGe
barriers — an inherent characteristic that has been previously overlooked. Additionally, we propose an interface engineering
approach to mitigate the in-plane randomness-induced fluctuations in EVS by inserting a few monolayers of pure Ge barrier
at the Si/SiGe interface. Our findings provide valuable insights into the critical role of in-plane randomness in determining
EVS in Si/SiGe quantum devices and offer reliable methods to enhance the feasibility of scalable Si-based spin qubits.

Keywords: quantum wells, valley splitting, alloy concentration fluctuation
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1. Introduction

In the pursuit of universal fault-tolerant quantum com-
puting, the realization of quantum error correction requires a
substantial number of qubits that can be effectively controlled
and coherently coupled.[1] Leveraging advanced semiconduc-
tor fabrication techniques capable of integrating billions of
transistors on a single Si chip,[2] electron spins confined in
Si quantum dots have emerged as a highly promising plat-
form for quantum computing.[3] Notably, the weak intrinsic
spin–orbit interaction and the presence of nuclear zero-spin
isotopes contribute to a prolonged coherence time for the elec-
tron spin, effectively suppressing both spin relaxation[4,5] and
dephasing.[6–8] Despite recent progress[9–16] has been made,
Si spin qubits still face the challenge of valley degeneracy,
which obstructs the isolation of individual two-level spin-1/2
states[9,10,14,17,18] and introduces a significant leakage chan-
nel, thereby impeding high fidelity.[5,19–22] However, the pres-
ence of discontinuous heterointerfaces, coupled with strong
quantum confinement, can lift the low-lying two-fold valley
degeneracy and establish an energy separation known as the
valley splitting (EVS). This approach effectively addresses fi-
delity degradation in spin-only qubits in Si. Unfortunately,
the measured EVS in Si/SiGe quantum wells tends to be rela-
tively narrow, typically around tens to hundreds of µeV.[23–29]

This narrow energy splitting exacerbates challenges related
to rapid spin relaxation,[5,19,20] dephasing,[21,22] and errors in
spin transport.[30] Moreover, the disorder in the SiGe alloy bar-
rier introduces significant fluctuations in the valley splitting
energy, ranging from nearly zero to thousands of µeV.[31–34]

Consequently, this poses a significant challenge to the scala-
bility of silicon qubits within the context of universal fault-
tolerant quantum computing.[34]

Both extensive theoretical work[32,35–49] and experimen-
tal observations[24,27,28,34,50–55] have pointed out that the EVS

depends sensitively on the microscopic details near the inter-
face. Particularly, a recent investigation[34] delves into the
atomic-scale reconstruction of the Si/SiGe interface and re-
veals its three-dimensional (3D) morphology, highlighting the
microscopic alloying concentration fluctuation along the con-
finement direction (i.e., z axis in Fig. 1(a)) as the underlying
cause of the substantial spread observed in the EVS measure-
ments of various quantum dot devices. However, the in-plane
randomness is inevitably ignored in their analysis since the
concentration was obtained with its in-plane components av-
eraged in advance, as illustrated in Fig. 1(b). It is worth noting
that by carefully controlling the epitaxial growth of Si/SiGe
heterostructures, the one-dimensional concentration fluctua-
tion δρGe(z) can be effectively minimized to a satisfactory
extent, whereas the atomic random distribution within each
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SiGe barrier layer ρGe(x,y) remains uncontrollable. There-
fore, the effect of in-plane randomness on EVS is supposed
to be more important than the out-of-plane one in terms of
device preparation process. Nevertheless, the impact of this
type of randomness has been largely disregarded in prior
investigations,[35,37–40,43,56–60] partially due to the limitations
of the adopted conventional theoretical methods.

Fig. 1. (a) The three-dimensional (3D) representation showcasing the
landscape of a Si/Si0.7Ge0.3 QW. (b) Schematic diagram illustrating the
process of performing in-plane averaging on the concentration fluctu-
ations of Si and Ge atoms within the 3D landscape of Si/Si0.7Ge0.3 to
derive the one-dimensional (1D) concentration profiles, ρGe(z).

In this study, we employ the atomistic empirical pseu-
dopotential computation method (EPM) to investigate the im-
pact of alloy disorder on the EVS in Si/SiGe quantum well
(QW). Surprisingly, we discover a remarkable and significant
spread in the EVS, even in the absence of alloy concentra-
tion fluctuation along the quantum confinement direction in
Si/SiGe QW. Notably, we find that the minimum extent of the
spread in EVS is attributed to the stochastic distribution of Si
and Ge atoms within the plane, independent of vertical alloy
concentration fluctuations. Moreover, we elucidate the con-
cept of in-plane random distribution of Si and Ge atoms as a
consequence of changes in the interface step morphology, pro-
viding insights into the occurrence of fluctuation in the EVS

induced by in-plane randomness. Our results thus offer valu-
able guidance for enhancing the performance of Si-based spin
qubits through interface engineering, highlighting the signif-
icance of addressing in-plane randomness for achieving im-
proved qubit performance.

2. Atomistic computation method
We calculate the electronic structures of Si/SiGe QWs by

directly diagonalizing the band Hamiltonian, − 1
2 ∇2 +V (𝑟)

which is described by its potential, V (𝑟). This potential en-
compasses spin–orbit-coupled and nonlocal empirical pseu-
dopotentials. For the system’s pseudopotential, we employ a
superposition of screened pseudopotentials vα(r) of the con-
stituent atom,[61,62]

V (𝑟) = ∑
n

∑
α

v̂α(𝑟−𝑅n−𝑑α), (1)

where v̂α(𝑟 −𝑅n − 𝑑α) represents the screened pseudopo-
tential of atom type α at site 𝑑α in the nth primary cell,
𝑅n. The screened pseudopotential comprises a local com-
ponent, v̂loc

α (𝑟), which is expressed in reciprocal space,[63]

and a nonlocal spin–orbit interaction component, v̂nonloc
α (𝑟),

described by the Kleinmen–Bylander formalism.[64] We di-
agonalize − 1

2 ∇2 +V (𝑟) within a plane-wave basis[61] utiliz-
ing the folded spectrum method.[65] Our approach employs a
supercell combined with periodic boundary conditions. The
screened pseudopotentials, {v̂α}, are fitted[61] to mitigate the
“LDA error” in the bulk crystal and to accurately reproduce
the band gaps throughout the zone, as well as the electron
and hole effective-mass tensors, valence band and conduc-
tion band offsets between well and barrier materials, spin–
orbit splittings, and GW spin-splittings in bulk materials.[66]

This approach has previously been applied to superlattices,[69]

colloidal quantum dots,[69] and Stranski–Krastanow quantum
dots.[70]

To emulate the epitaxy growth of a Si/SiGe QW on a
Si0.7Ge0.3 buffer layer, where the Si QW is subject to biaxial
tensile strain, we initially set the in-plane lattice constant of the
supercell to the lattice constant of bulk Si0.7Ge0.3, obtained by
Vegard’s law. Subsequently, we determine the optimized lat-
tice constant in the vertical direction and atomic equilibrium
positions by minimizing the strain energy of the entire super-
cell through the use of the atomistic valence force field (VFF)
method.[71,72]

3. Results and discussions
3.1. Considerable EVS fluctuation in the absence of alloy

concentration fluctuation

We first study the impact of alloy concentration fluc-
tuation in the Si0.7Ge0.3 barrier on the EVS of Si/Si0.7Ge0.3

QWs using EPM. To simulate the actual setups, numerous
Si/Si0.7Ge0.3 QW structures are constructed through the direct
sampling methods and the Si0.7Ge0.3 random alloy part com-
prises 3600 atoms. Each constructed Si/Si0.7Ge0.3 QWs fea-
ture distinct random alloy configurations within the Si0.7Ge0.3

barriers. Consequently, these Si/Si0.7Ge0.3 QW structures ex-
hibit varying degrees of alloy concentration fluctuation. To
quantify the extent of alloy concentration fluctuation in dif-
ferent Si/Si0.7Ge0.3 QW structures, we utilize σ (ρGe(z)) as a
measure, as defined in the caption of Fig. 2. As illustrated
in Figs. 2(a)–2(b), the representative Ge concentration profiles
clearly show the reduction in size of the alloy concentration
fluctuation within the Si/Si0.7Ge0.3 QW. Notably, it is chal-
lenging to precisely control the magnitude of alloy concen-
tration fluctuation to achieve sufficiently small values through
random sampling of the Si0.7Ge0.3 barrier. To address this is-
sue, we build Si0.7Ge0.3 by spatially restricting the degrees of
freedom of the random configuration space. Specifically, we
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systematically produce a set of Si/Si0.7Ge0.3 QWs by main-
taining a constant Si-to-Ge atom ratio per atomic monolayer
(ML) along the vertical direction. Meanwhile, the distribution
of Si and Ge atoms is randomized within each barrier layer. In
this way, we obtain the concentration profile of ideal laterally
infinite Si/Si0.7Ge0.3 QW (see Fig. 2(c)).

Fig. 2. (a)–(c) In-plane averaged Ge concentration distributions of
Si/Si0.7Ge0.3 QWs. Panel (c) corresponds to the ideal laterally infinite
Si/Si0.7Ge0.3 QW, with its Ge concentration function denoted by ρ0

Ge(z).
The magnitude of the alloy concentration fluctuation in Si/Si0.7Ge0.3

QWs is quantified through σ (ρGe(z)) =
√

1
lb

∫
dz
[
ρGe(z)−ρ0

Ge(z)
]2,

where lb is the length of Si0.7Ge0.3 barrier. From (a) to (c), Si/Si0.7Ge0.3
QW has decreased degree of alloy concentration fluctuation and with
vanished fluctuation magnitude in (c). (d) The valley splittings in
Si/Si0.7Ge0.3 QWs (with 10 MV/m of electric field applied in the
QW confinement direction), calculated using the atomistic empirical
pseudopotential method, are presented as a function of the magni-
tude of alloy concentration fluctuations within the Si0.7Ge0.3 barrier.
The scattered data points represent Si/Si0.7Ge0.3 QWs with diverse
random alloy configurations. The green empty circles correspond to
Si/Si0.7Ge0.3 QWs with a finite size of alloy concentration fluctuation in
the Si0.7Ge0.3 barrier. The orange empty circles correspond to ideal lat-
erally infinite Si/Si0.7Ge0.3 QWs without any alloy concentration fluc-
tuation in the Si0.7Ge0.3 barrier. The shaded region represents the ex-
perimentally observed range of alloy concentration fluctuations. The
energy fluctuation in the valley splitting, in the absence of alloy con-
centration fluctuation, is indicated as δEVS = 3×σ(EVS) (three-sigma
control limit are used to quantify the energy spread of valley splitting).

Upon obtaining a range of Si/Si0.7Ge0.3 QW structures
with varying degrees of alloy concentration fluctuation, we
then carry out calculation to determine the corresponding EVS.
Within the atomistic simulation, a 10 MV/m of electric field is
applied in the QW confinement direction. There are two rea-
sons for applying an electric field: First, in real SiGe quan-
tum devices, there is typically a perpendicular electric field
across the SiGe heterostructure in the order of a few MV/m.
Second, it is well studied that the valley splitting in Si/SiGe
quantum wells fast decays with an increasing thickness of
the quantum well and exhibits oscillations at the atomic scale
(∼ 3 ML).[37,38,40,58] To ensure a focused investigation on the
electronic states near the interface of one side of the quantum
well and avoid the influence of the interface on the other side,
an electric field is applied in the z-direction which confines the
electronic states to the desired region of interest. However, the
presence of an electric field can exacerbate the effect of po-
tential variation resulting from SiGe disorder on the electronic
states within the Si quantum well. Specifically, a higher elec-
tric field strength can lead to more pronounced fluctuations in

the valley splitting in Si/SiGe quantum wells. From Fig. 2(d),
one observes that an increased degree of alloy concentration
fluctuation within the Si/Si0.7Ge0.3 QW leads to a greater en-
ergy fluctuation of EVS, as denoted by the green empty circles
in Fig. 2(d). Moreover, increasing the degree of alloy con-
centration fluctuation generally increases the EVS. These find-
ings align with the conclusions drawn in Ref. [34], indicating
that alloy concentration fluctuation along z is responsible for
the spreading of the energy fluctuation in EVS. However, our
atomistic calculations (depicted by the orange empty circles in
Fig. 2(d)) show that, even in the absence of alloy concentration
fluctuation within the Si/Si0.7Ge0.3 QW, a substantial energy
fluctuation in EVS, amounting to ±0.33 meV, persists. This
significant fluctuation arises solely from the random in-plane
distribution of Si and Ge atoms within the Si0.7Ge0.3 barrier
layer. Remarkably, this fluctuation in EVS is comparable in
magnitude to the one caused by the alloy concentration fluc-
tuation. It is crucial to emphasize that while the concentration
fluctuation of the Si0.7Ge0.3 barrier in the vertical direction
can be mitigated through the epitaxial growth of Si/Si0.7Ge0.3

heterostructures with low-temperature budget, the atomic ran-
dom distribution within the SiGe barrier layer remains uncon-
trollable. Consequently, such a uncertain EVS resulting from
the in-plane atomic randomness is an inherent characteristic
and represents the lower bound of the energy fluctuation in
Si/Si0.7Ge0.3 QWs.

It should be clarified that, in the process of generating
SiGe random alloys, we deliberately opted for a finite super-
cell size, a choice that unavoidably introduces some hypothet-
ical order within the SiGe alloys. Nevertheless, we wish to
reiterate our stance that our study is primarily centered on the
comparative evaluation of the energy ranges associated with
EVS variations within the two distinct Si/SiGe QW structural
categories (σ (ρGe(z)) 6= 0 and σ (ρGe(z))= 0). The utilization
of a finite supercell size inherently contributes to an augmen-
tation of the EVS fluctuation in both classes of Si/SiGe QW
structures. However, it is noteworthy that the inherent char-
acteristics of the supercell size exert minimal influence on the
relative magnitudes of these energy ranges. Our focus remains
directed toward discerning the relative size of EVS fluctuation
between the two aforementioned structural categories.

3.2. Effect of interface atomic step on EVS

Having identified the lower bound of the EVS spread in
Si/Si0.7Ge0.3 QWs, we next clarify its origin by using a sim-
plified atomic step model. Since EVS is recognized as an
interface-related phenomenon, the in-plane atomic random-
ness effect within the barrier alloying layer predominantly re-
lies on the behavior of interface roughness. This behavior can
be basically described by a sequence of atomic step edges at
the interfaces, as depicted in Figs. 3(a)–3(b). To streamline the
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discussion and focus on the impact of a single interface atomic
step edge on EVS, we deliberately select pure Ge as the barrier
material for the Si QWs, instead of Si0.7Ge0.3. By doing so, we
isolate the influence of alloy disorder and direct our attention
specifically toward the interface step effect.

We consider a scenario where a one-monolayer-tall (a/4)
interface atomic step edge, along the y-direction, is positioned
at x = γLx (where a is the Si lattice constant and Lx represents
the supercell size in the x-direction), as depicted in Fig. 3(c).
The calculated EVS dependent on the step position is plotted
in Fig. 3(d). Notably, one observes a significant alteration in
the EVS when the interface step is moved along the x direc-
tion, with the magnitude of EVS reaching its minimum when
the interface step is located at 0.4Lx.

Fig. 3. (a) Schematic diagram of interface roughness. (b) Diagram-
matic drawing of interface atomic step edges. (c) Illustration depicting
the schematic representation of the top interface of the Si/Ge QW, where
a one ML-tall atomic step is present. (d) The valley splitting in Si/Ge
QW is examined by varying the position of a single atomic step within
the interface plane. The height of the atomic step is precisely one ML
or a/4. An electric field of 9 MV/m is applied to drive the electrons
toward the QW interface with the atomic steps. The results obtained
from atomistic calculations are denoted by black dots, while the numer-
ical outcomes derived from Eq. (5) are represented by the dotted line.
The fitted parameters of Eq. (5) are determined to be α/β = 1.55 and
ω = 0.10π .

To elucidate the suppressive effect of the interface step
on EVS, we establish an effective mass model. The interface
atomic step depicted in Fig. 3(c) can be conceptualized as di-
viding one interface (at zI/F) into two halves and vertically
shifting one half upward by one ML (a/4). This process gives
rise to two laterally distributed half-interfaces, labeled as I/F-1
and I/F-2. When an external electric field F is applied along
the QW growth (z) direction, the electronic states primarily lo-
calize at the upper interface containing the atomic step. The
corresponding confinement potential can be expressed as[47,48]

U(r) = U0Θ(z− zI/F−1)rect
(

x− γLx/2
γLx

)
︸ ︷︷ ︸

I/F−1

+U0Θ(z− zI/F−2)rect
(

x− (1+ γ)Lx/2
(1− γ)Lx

)
︸ ︷︷ ︸

I/F−2

−eFz/ε, (2)

here ε denotes the dielectric constant and rect(x) represents
the rectangle function.[73] The vertical coordinates of the two
laterally distributed single interfaces are related by zI/F−2 =

zI/F−1 +
a
4 . For a single interface (I/F) located at zI/F, the val-

ley coupling matrix can be expressed using the effective mass
approximation theory[40,48,60] as follows:

HI/F
∆+z,∆−z

= 〈∆+z |U(r)|∆−z〉

=
ΣU0

2ik0

∣∣ f (zI/F)
∣∣2 e−2ik0zI/F . (3)

Here,
∣∣ f (zI/F)

∣∣ represents the envelope function at the inter-
face, and k0 = 0.85× 2π

a is the position of the conduction band
minimum in the FCC Brillouin zone. Equation (3) encom-
passes the summation of plane wave coefficients (Σ ) and in-
corporates the conduction band offset U0 between the Si well
and Ge barrier. The electric field has a negligible impact on
the valley coupling (see Appendix A for a detailed deriva-
tion). Consequently, we can approximate the valley coupling
induced by an interface step as a linear combination of two
laterally distributed single interfaces,

Hs-I/S
∆+z,∆−z

= 〈∆+z |U(r)|∆−z〉 ≈ HI/F-1
∆+z,∆−z

+HI/F-2
∆+z,∆−z

=
ΣU0

2ik0

∣∣ f (zI/F−1
)∣∣2 e−i2k0zI/F−1

(
γ− sin(2πγ)

2π

)
+

ΣU0

2ik0

∣∣ f (zI/F−2
)∣∣2 e−i2k0zI/F−2

×
(

1− γ +
sin(2πγ)

2π

)
. (4)

In the approximation, we have assumed the in-plane wave

function as
√

2
Lx

sin( π

Lx
· x), representing an electron in a box.

We label the valley coupling matrix due to a single inter-
face step as “s-I/S”. The distinction between

∣∣ f (zI/F−1)
∣∣2 and∣∣ f (zI/F−2

)∣∣2 is parameterized as α and β . Therefore, the de-
termination of EVS in the presence of an atomic step can be
obtained as

EVS = 2
∣∣∣Hs-I/S

∆+z,∆−z

∣∣∣
= C

∣∣∣∣e iω
[

α

(
γ− sin(2πγ)

2π

)
+β e−ik0a/2

(
1− γ +

sin(2πγ)

2π

)]∣∣∣∣, (5)

where e iω represents an extra phase change induced by the
valley coupling.[38] To validate the effective model developed
above, we perform a fitting procedure using our atomistic cal-
culation results of EVS and Eq. (5), with adjustments made to
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the parameters C, ω , and α/β . The results, as depicted in
Fig. 3(d), demonstrate the capability of the model, incorporat-
ing two laterally distributed interfaces, to accurately describe
the impact of the interface atomic step on EVS. The effective
model reveals that the atomic-step-position-dependent behav-
ior of EVS arises from a phase difference e−ik0a/2 between the
two laterally distributed interfaces, which are vertically sepa-
rated by one ML.

3.3. Effect of in-plane random distribution of Si, Ge atoms
on EVS

The effective model can be easily extended to investi-
gate scenarios involving multiple interface atomic steps, which
contain the changes in the surface topography and can largely
reflect the in-plane random distribution of Si and Ge atoms in
the absence of alloy concentration fluctuations along the quan-
tum confinement axis. To explore the effects of multiple inter-
face atomic steps on EVS, we initially consider the case of a
single interface step positioned at γLx, where the Ge concen-
tration in the nearest neighboring SiGe atomic layer to the Si
QW is γ . In order to approximate the random distribution of
Si and Ge atoms within the SiGe layer while maintaining a
constant Ge concentration, we divide the entire width of the
in-plane Ge section, observed in the case of a single step, into
two sections separated by a distance of λLx, as depicted in
Fig. 4(a). This separation generates four interface segments,
each characterized by its vertical coordinate zI/F−i, center po-
sition xi and width wi along the x direction. As a result, the
QW potential takes on a specific form denoted as

U(r) =
4

∑
i=1

U0Θ(z− zI/F−i)rect
(

x− xi

wi

)
, (6)

where the vertical coordinates follow the relationship zI/F−2 =

zI/F−4 = zI/F−1 +
a
4 = zI/F−3 +

a
4 . The center positions are de-

termined as x1 = γLx/4, x2 = (γLx + λLx)/2, x3 = ( 3
2 γLx +

2λLx)/2, and x4 = (γLx +λLx +Lx)/2. The widths are given
by w1 = w3 = γLx/2, w2 = λLx, and w4 = Lx−∑

3
i=1 wi. Simi-

lar to the methodology used for a single interface step, we can
apply a superposition method to estimate the valley coupling
resulting from multiple interface steps (m-I/S). By consider-
ing four laterally distributed single interfaces as contributing
factors, we obtain the following equation:

Hm-I/S
∆+z,∆−z

= 〈∆+z |U(r)|∆−z〉 ≈
4

∑
i=1

HI/F−i
∆+z,∆−z

. (7)

Having determined the parameters C, ω , and α/β in Eq. (5)
through fitting the results of atomistic simulations, we can
readily compute the EVS for multiple interface steps using the
derived equation

EVS = 2
∣∣∣Hm-I/S

∆+z,∆−z

∣∣∣

= C
∣∣∣∣e iω

[
α

(
γ

2
− sin(πγ)

2π

)
+β e−ik0a/2

×
(

λ +
sin(πγ)

2π
− sin [π(γ +2λ )]

2π

)
+α

(
γ

2
− sin [2π(γ +λ )]

2π
+

sin [π(γ +2λ )]

2π

)
+β e−ik0a/2

(
1− γ−λ +

sin [2π(γ +λ )]

2π

)]∣∣∣∣. (8)

Figure 4(b) represents the dependence of EVS on two factors:
the fractional width of the in-plane Ge section before the step
separation, denoted as γ , and the fractional distance of the step
separation, denoted as λ . It is evident that, for a fixed γ corre-
sponding to the intra-layer Ge concentration, varying the sep-
aration distances λ leads to distinct values of EVS. This obser-
vation underscores how the rearrangement of Si and Ge atoms
within a 1 ML-thick interface layer can induce changes in EVS.

Fig. 4. (a) A schematic diagram illustrating the separation of interface
atomic steps. The initial in-plane Ge section with a width of γLx is
equally divided into two subsections, which are separated by a distance
of λLx. (b) The valley splitting energy is calculated using the step sepa-
ration model, represented by Eq. (8). The parameters C, ω , and α/β in
Eq. (8) (multiple steps) are consistent with those in Eq. (5) (single step).
The variation of EVS is shown as a function of the fractional width of
the in-plane Ge section before the step separation, denoted as γ , and
the fractional separation spacing, denoted as λ . The values of γ and λ

adhere to the constraint γ +λ < 1.

3.4. Eliminating the EVS fluctuation caused by in-plane
random distribution of Si, Ge atoms

Based on the preceding discussions, it is evident that the
fluctuation of valley splitting induced by in-plane random-
ness imposes a lower limit on the wide spectrum of EVS in
Si/Si0.7Ge0.3 QWs, presenting a challenge to the integration of
Si electron spin qubits. To tackle this issue, we explore strate-
gies to mitigate this lower limit through interface engineer-
ing. Our proposed approach involves the epitaxial growth of a
thin Ge layer before the heterogeneous growth of Si0.7Ge0.3

on the Si active layer. The inclusion of a thin Ge layer at
the Si/Si0.7Ge0.3 interface effectively separates the Si well and
SiGe barrier, ensuring that the wave function of ∆±z valley
states remains immune to in-plane potential fluctuations aris-
ing from the disorder in the distribution of Si and Ge atoms
within the Si0.7Ge0.3 barrier layer, as depicted in Figs. 5(a)–
5(b). Consequently, both the valley coupling and valley split-
ting in the Si active layer remain unaffected by the disorder
within the Si0.7Ge0.3 barrier. We substantiate this proposition
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through atomistic EPM simulations, as illustrated in Fig. 5(c).
These simulations demonstrate an exponential reduction in the
fluctuation of EVS resulting from the random distribution of Si
and Ge atoms within the Si0.7Ge0.3 barrier layer as the thick-
ness of the interfacial Ge layer increases. Remarkably, the
introduction of a 4-ML thick interfacial Ge layer diminishes
the fluctuation in EVS to one-tenth of its original magnitude.
It is worth emphasizing that our prior calculations[33,74] have
shown a significant amplification of EVS with the incorpora-
tion of a 4-ML thick Ge layer at the Si QW interface, and this
result has also been experimentally validated.[75]

Fig. 5. (a) Schematic diagram illustrating the structure of the Si/Si0.7Ge0.3
QW is presented, where the white solid line represents the distribution of Ge
concentration, while the red and blue solid lines depict the wave functions
of the split ∆±z valley states. (b) Schematic diagram showcasing the struc-
ture of the Si/nGe-thick Ge/Si0.7Ge0.3 QW is displayed, with emphasis on the
Ge concentration profile and the wave function of the split ∆±z valley states.
(c) The energy fluctuation of valley splitting, resulting from the in-plane ran-
dom distribution of Si and Ge atoms near the Si/Si0.7Ge0.3 interface in the
Si0.7Ge0.3 barrier, is effectively mitigated through the insertion of a few Ge
layers at the interface. The magnitude of EVS fluctuation, quantified by δEVS,
is plotted on the vertical axis, while the thickness of the inserted Ge layer in
monolayers (ML) is shown on the horizontal axis. δEVS

LB at nGe = 0ML is
the lower bound of EVS fluctuation in Si/Si0.7Ge0.3 QWs, labeled with super-
script “LB”.

4. Conclusions

Our investigation has provided significant insights into
the phenomenon of EVS in Si/SiGe QWs. Surprisingly, we
have demonstrated that a substantial spread of EVS can oc-
cur even in the absence of concentration fluctuation. This
spread, which arises solely from the in-plane random distri-
bution of Si and Ge atoms within the SiGe barrier, represents
the lower bound of the wide spectrum of EVS observed in vari-
ous Si/SiGe devices. We have developed effective atomic step
models to describe the impact of in-plane disorder on EVS. By
recognizing and incorporating the influence of in-plane ran-
domness, we propose an experimentally feasible method to
mitigate the fluctuation of EVS through the design of the inter-
face atomic structure. Specifically, we suggest the inclusion
of a thin Ge layer at the Si/SiGe interface, which effectively
reduces the alloying-disorder-induced EVS fluctuations. Our
study thus paves the way for the development of more reliable
Si-based electron spin qubits.

Appendix A: Local interface induced valley cou-
pling

With the allowed valley coupling, we now calculate the
matrix element HI/F

∆+z,∆−z
= 〈∆+z |U(r)|∆−z〉. We consider the

perturbation Hamiltonian as a local sharp interface with an
electric field, U(r) =U0Θ(z− zI)− e F

ε
z, where U0 is the bar-

rier height, and zI is the interface position. Thus the valley
coupling matrix is given by

HI/F
∆+z,∆−z

= 〈∆+z |U(z)|∆−z〉+HeF/ε

∆+z,∆−z

=
∫ ∫ ∫

dxdydzu∗+u− e−i2k0z | f (z)|2 U0Θ(z− zI)+HeF/ε

∆+z,∆−z

= ΣU0

∫
dze−i2k0z | f (z)|2 Θ(z− zI)+HeF/ε

∆+z,∆−z
, (A1)

where the periodic Bloch waves are expanded as plane waves u±(r) = ∑𝐺C±(𝐺)e−i𝐺·𝑟, and Σ denotes the summation of
coefficients of plane waves Σ = ∑𝐺C∗+(𝐺)C−(𝐺), here only 𝐺1 =𝐺2 case is considered since 𝐺1 6=𝐺2 terms would lead to
fast oscillations in the integrand that average to zero. In Eq. (A1) we integrate by parts the first term

HI/F
∆+z,∆−z

=
ΣU0

−i2k0

∫
| f (z)|2 Θ(z− zI/F)d e−i2k0z +HeF/ε

∆+z,∆−z

=
ΣU0

−i2k0
| f (z)|2 Θ(z− zI/F)e−i2k0z |+∞

−∞
+

ΣU0

i2k0

∫
d
(
| f (z)|2 Θ(z− zI/F)

)
e−i2k0z +HeF/ε

∆+z,∆−z

=
ΣU0

i2k0

∫
e−i2k0z | f (z)|2 δ (z− zI)dz+

ΣU0

i2k0

∫
e−i2k0z

Θ(z− zI/F)
d | f (z)|2

dz
dz+HeF/ε

∆+z,∆−z

=
ΣU0

i2k0
e−i2k0zI/F

∣∣ f (zI/F)
∣∣2︸ ︷︷ ︸

HI/F(0)
∆+z,∆−z

+
ΣU0

i2k0

∫
e−i2k0z

Θ(z− zI/F)
d | f (z)|2

dz
dz+HeF/ε

∆+z,∆−z︸ ︷︷ ︸
HI/F(1)

∆+z,∆−z

. (A2)
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Equation (A2) shows that the valley coupling can be di-
vided into the zero-order and the first-order terms: they corre-
spond to the value of the envelope function at the interface and
the tunneling into the barrier, respectively. We evaluate their
contributions to HI/F

∆+z,∆−z
respectively in Fig. A1. The numer-

ical results demonstrate that HI/F(0)
∆+z,∆−z

is a good approximation

to HI/F
∆+z,∆−z

since the
∣∣∣HI/F(0)

∆+z,∆−z

∣∣∣ magnitude is way larger than∣∣∣HI/F(1)
∆+z,∆−z

∣∣∣ in case of weak field. This approximation was also
approved in Refs. [59,60]. As a result, we can obtain the local
C2v symmetry induced valley coupling,

HI/F
∆+z,∆−z

≈ HI/F(0)
∆+z,∆−z

(zI/F) =
ΣU0

i2k0

∣∣ f (zI/F)
∣∣2 e−i2k0zI/F . (A3)

The EVS is given by EVS = 2
∣∣∣HI/F

∆+z,∆−z

∣∣∣. Equation (A3) shows
that valley coupling arising from the local C2v symmetry is a
complex number. Its modulus is proportional to the barrier
height U0 and the envelope function

∣∣ f (zI/F)
∣∣2 at the interface.

Its phase is determined by the interface position in the direc-
tion of the QW confinement. The similar expression for the
valley coupling matrix has been obtained before.[40,59,60]

∆ ∆

∆ ∆

∆ ∆

Fig. A1. The contribution of each term in Eq. (A2). The thickness of
Si/Ge QW is 10 nm. The barrier height is 150 meV. For the summation
of the plane expansion coefficients of Bloch waves, Σ =−0.2607.[48,60]

Acknowledgements
Project supported by the National Science Fund for Dis-

tinguished Young Scholars (Grant No. 11925407), the Basic
Science Center Program of the National Natural Science Foun-
dation of China (Grant No. 61888102), and the Key Research
Program of Frontier Sciences of CAS (Grant No. ZDBS-LY-
JSC019), and CAS Project for Young Scientists in Basic Re-
search (Grant No. YSBR-026).

References
[1] DiVincenzo D P 2000 Fortschritte der Physik 48 771
[2] Vandersypen L M K and Eriksson M A 2019 Physics Today 72 38
[3] Loss D and DiVincenzo D P 1998 Phys. Rev. A 57 120
[4] Morello A, Pla J J, Zwanenburg F A, Chan K W, Tan K Y, Huebl H,

Möttönen M, Nugroho C D, Yang C, van Donkelaar J A, Alves A D C,
Jamieson D N, Escott C C, Hollenberg L C L, Clark R G and Dzurak
A S 2010 Nature 467 687

[5] Yang C H, Rossi A, Ruskov R, Lai N S, Mohiyaddin F A, Lee S, Tahan
C, Klimeck G, Morello A and Dzurak A S 2013 Nat. Commun. 4 2069

[6] Assali L V C, Petrilli H M, Capaz R B, Koiller B, Hu X and Das Sarma
S 2011 Phys. Rev. B 83 165301

[7] Tyryshkin A M, Tojo S, Morton J J L, Riemann H, Abrosimov N V,
Becker P, Pohl H J, Schenkel T, Thewalt M L W, Itoh K M and Lyon S
A 2012 Nat. Mater. 11 143

[8] Steger M, Saeedi K, Thewalt M L W, Morton J J L, Riemann H, Abrosi-
mov N V, Becker P and Pohl H J 2012 Science 336 1280

[9] Yang C H, Leon R C C, Hwang J C C, Saraiva A, Tanttu T, Huang
W, Camirand Lemyre J, Chan K W, Tan K Y, Hudson F E, Itoh K M,
Morello A, Pioro-Ladrière M, Laucht A and Dzurak A S 2020 Nature
580 350

[10] Petit L, Eenink H G J, 314 Russ M, Lawrie W I L, Hendrickx N W,
Philips S G J, Clarke J S, Vandersypen L M K and Veldhorst M 2020
Nature 580 355

[11] Yoneda J, Takeda K, Otsuka T, Nakajima T, Delbecq M R, Allison G,
Honda T, Kodera T, Oda S, Hoshi Y, Usami N, Itoh K M and Tarucha
S 2018 Nat. Nanotechnol. 13 102

[12] Yang C H, Chan K W, Harper R, Huang W, Evans T, Hwang J C C,
Hensen B, Laucht A, Tanttu T, Hudson F E, Flammia S T, Itoh K M,
Morello A, Bartlett S D and Dzurak A S 2019 Nat. Electron. 2 151

[13] Veldhorst M, Yang C H, Hwang J C C, Huang W, Dehollain J P, Muho-
nen J T, Simmons S, Laucht A, Hudson F E, Itoh K M, Morello A and
Dzurak A S 2015 Nature 526 410

[14] Watson T F, Philips S G J, Kawakami E, Ward D R, Scarlino P, Veld-
horst M, Savage D E, Lagally M G, Friesen M, Coppersmith S N, Eriks-
son M A and Vandersypen L M K 2018 Nature 555 633

[15] Sigillito A J, Gullans M J, Edge L F, Borselli M and Petta J R 2019 npj
Quantum Inf. 5 1

[16] Chan K W, Sahasrabudhe H, Huang W, Wang Y, Yang H C, Veldhorst
M, Hwang J C C, Mohiyaddin F A, Hudson F E, Itoh K M, Saraiva A,
Morello A, Laucht A, Rahman R and Dzurak A S 2021 Nano Lett. 21
1517

[17] Maurand R, Jehl X, Kotekar-Patil D, Corna A, Bohuslavskyi H,
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