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1. Motivation * 4. Spin rel

5. Valley relaxation in a Si QD

Silicon Quantum Dots Motivati o
« Ideal host for spin qubits because of long spin coherence time. ;e::n’:(;n Serimental measurement of spin relaxation in Si QD —— S ——— Motivation
. . . . » . : : . xperi u I Xation in Sl 3| [N= : * In the presence of spin- :
. 108 b [N=1 e
Various properties and behawlor are highly sensitive to atomic scale details of interface. shows evidence of spin-valley coupling (Yang et al., Nature Comm. spots: E,=E, valley coupling. valley nge\};arlcleelax:tllic;:;nrate
- Effect of Interface roughness is not yet fully understood. 4, 2069 (2013)). 102 } What affects the slopes (B relaxation controls spin N : y spiitiing.
Motivation for atomistic modeling « Spin-Orbit coupling + Valley-Orbit coupling (Interface 10° } , dependency)? relaxation times. 10 | S
« Accurately model realistic interface with miscuts, step roughness, alloy disorder. roughness)=Spin-Valley Coupling. | . ' Role of step roughness? * How are valley
 Thus capture interactions on atomic scale. * Previous models considered fitting parameters for valley-orbit I g " Charge noise? ((Peihao relaxation rates affected ]
coupling. Huang et al., PRB 89, by interface steps? 2
. el - Experimental data shows a deviation from analytical model at low 107, [ o 1% 195302 (2014) ) o
m |St|c m dellng B-fields mnd./ .‘,'f” {100 Yang et al., Nature Results ® i
% Comm. 4, 2069 (2013).
romistc Tantbinding Method  Use atomistic method without any adhoc fitting parameters to 1071 10 o 2019 « Relaxation rates E
omistic Tight-binding 1vietho investigate the effect of interface roughness on spin relaxation 2 3
- Atomic scale roughness rates J J P &M between vallte %sta_t ©S %
» Inhomogeneous strain ' Relaxation rate depends were computed using I
* Alloys beyond VCA Relaxation peak on interface steps the atomistic treatment = -
. Defgcts/d%nors Technique 10" | T | T of electron-phonon 2 +g§§
] - i - = A2 :
« Full band structure * Interface roughness modeled with tilted quantum well. Relaxation hot-spot ] :g'gg g‘at(:l?zftlon described 1077 -B-03 |
Electrostatics » Deformation potential computed atomistically using strain 10"} at E;~Eys T ot lB03 Vall ' laxati ‘ B-0.85
: - e e : o » Valley relaxation rate -
« Device geometry & potential Spln/Cha.rge Rellaxatlon depend.ent tllght binding Hamllt.onlan. , . 7107 | = 7085 O increases with valley 10" - _[rideal
 Semiclassical: Fermi-Dirac * Electron-phonon interaction * Relaxation times calculated using Fermi’s Golden rule with 2 2 o splitting, but the slope of 02 03 0405
- Quantum: Effective mass/tight-binding étqmlsttljc_:tdeformatlon potential atomistic wavefunctions. C o ] = 10 p~=2.8 the curves depend on Valley Splitting (meV)
« FEM Poisson pIn-0rol =107 [ interface steps.
: » Valley effects ] g
» Self-consistency Results 4 1077 * Interface steps cause Slope of valley relaxation
) , : * |deal QDs show a B’ dependency of the relaxation rate, and a 101 - valley-orbit rate depends on tilt angle.
Configuration Interaction relaxation hotspot at E,=E Eys-0.33meV hybridization, and
« Electron-electron interaction o P z Vs 10" e o 108 . L y ’
. Exchange & Correlation - With interface roughness the B-field dependency changes to BS or i > 3 4 5 1 > 13 4 5 affects both valley and
- Multi-electron spectrum less. Exact dependency depends on the size of steps relative to B(T) B(T) along [110] spin relaxation rates.
the QD wavefunctions, as reflected in miscut angle.

L wlk)latk=k =0 o _ _ : - :
Motivation _1 (k) atk =0 - 0t SV Donor-Dot in SiGe/Si: TCAD: Modeling of realistic gate potential
: : : : s : - : Wave functions of the Donor-Dot system
 Analytical theories predict valley-orbit hybridization (VOH) in the presence of > Iﬁ{"”g q \ | Fourier transformed In collaboration with the y . Semi-classical TCAD tool Sentaurus has
interface roughness. (John Gamble et. al., PRB 88, 035310 (2013)). :5 l along k,__ k,~£0.8*211/a wavefunction Eriksson group been interfaced with NEMO.
» Should come out automatically from atomistic analysis. 2 - axis 3 + shows oo
£ e superposition o SiGe 30
Methods | o | = 05- L1 2k, valleys . « Development of a TCAD module in NEMO5
* Modeled interface roughness with ideal miscut (tilted) quantum well. 0 si ~§2°§ has been underway.
« Computed atomistic tight-binding wavefunctions from NEMO3D. AR TR SN TR . <G units of (1/L.)"20%) 1
' ' ' Z = : : SiGe _
* Fourier transformed real space wavefunctions to k-space wavefunction. Plotted along k -, plane at k =0 Plotted along k, axis at k=k,=0 F * In-house TCAD needed to customize
Results ’ T R s T simulation capability for semiconductor QDs
. . [w(k) atk -0 . L - :
* k-space wavefunctions peak near k,=+0.8*211/a, the two valley minima along k, . - #10 . 8 — , , . : . as qubits.
. o . S _ : 5 Al sl | 5oking along k, or Valley-orbit gap and hyperfine frequency in a P donor with strain
* Along k, or k, axis, at a valley minima, we can identify different orbital and valley Taking a cut e K axis. at ﬁ
states. g along k, axis 14 y_a_X|S’ at a valley 12, 1o
o 12 - minima we can
° i i i I 4 e 8 . . . 107 —
Wavefunctlon§ of opposite valley eigenstates exactly match for smooth interface, : 10— 5 identify different < 5100
but not for a disordered one. £ Orbital and Valley i 8 : .
 The difference comes from mixing from other orbital states : valley-orbit states S 4 §
hybridization. L) 0.5 0 0.5 1 - B IS T E, al g
k_ (in units of 2x/a) k, (in units of (1/L )*2n/a) = s
. > > L .
Ideal QD Disordered QD Miscut quantum well structure/ Plotted along k,-k, plane at k,=0 Plotted along k, axis at k,=k,=0 2 = )(?iztr? \?Veuo;[le;rly {;?)rgv_ Device structure
resence of steps . ‘ ‘ ‘ | | | | - ' from Sentaurus
N=2,v- P P w(k ) atk =0.8"2n/a and k =0 ik etk =0 & aniaand k, =0 % 2 4 6 8 10 % 2 4 6 8 10 1403.0019
X Z y o
lane at y=20 nm Tl 1 | 1 : = strain(%) strain(%)
n= . ' - —> |1 1 : 4 .
Valley Vallov-Orbit A=4 10 angle N i | | Qpposﬂe valley
doublet ¥ bri};ization ) i | eigenstates
n=2,v+ ’ " £ =% i =" | exactly match for
’ 2 2 %0.4 B | | smooth interface . _Established from atomistic theory that valley quantum numbers are not good quantum in silicon QDs in the presence of
n=1,v- :gterfice fi=2 5 i i but not for a interface steps.
S ke I : 0.2t ! 1 . . . . . . - . . . .
Valey oughness . 8 [ 2 i | disordered ione. « Spin relaxation rates are strongly affected by interface steps in silicon QDs with valley-orbit hybridization.
- & ' | : : - : . :
doublet Valley-Orbi 0.,., S LT . o‘l% . 5 & _(in units of (1L )*2wa)  Development under-way to incorporate TCAD in the atomistic modeling framework to simulate gated donor-dot devices.
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n=tv+ ates x co-ordinate (nm) Valley doublet for smooth interface Valley doublet for rough interface PU RDUE
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