Advanced Simulation of a Donor Spin Qubit Device
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) Donor spins in silicon are strong candidates for solid state quantum bits due to long spin coherence and

relaxation times. The single-shot spin readout [1,2] and coherent spin control required for qubit operations -
have been recently demonstrated in a Si-MOS nanostructure. Here we discuss a suite of simulation
techniques and results to understand the physics of single donor qubits in a realistic spin qubit device. )

Figure 1(a) : CMOS-compatible device for spin 1(a)
readout and control. The device consists of
implanted phosphorous donors [3] tunnel-coupled
to an SET Island, and a microwave transmission line
(ML) to achieve spin control of the electron and

) nucleus [2].

~  Figure 1(b) : The energy levels of the system during 1(b) donor _ —l
the spin readout phase. The Zeeman splitting rse;ri\gcl);]gc
between spin up/down states result in spin

| dependant tunneling of the donor electron to the IT> ________ )
L ; ) SET. The current due to tunneling is an indication Y = 1
P of the initial spin state of the donor electron. J

') Figure 1(c) : B, is varied and several projective 1(c) £ 160 ' .
’ measurements were made on the final spin of the S 120 - - )
| ) electron. Two resonant peaks split by the hyperfine O i 1 |
' interaction of 4.08 mT were observed. The 5 80
hyperfine is Stark shifted from the bulk value due £ 40r - i
‘) . tostrong electric fields in the nanostructure. 7] ' ! ' .
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Figure 3 (a): NEMO 3D calculation of the hyperfine rrtEag s il B
interaction [4] between the donor (3!P) electron z(nm) of #= e z(nm) OB ® B 1p4
and nucleus, as a function of electric field and L . L
depth from SiO, interface. S5 g 5 LE® e R
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Figure 3(b) : TCAD model of electric fields in the “Pdevice /“Pbulk ‘
T device which Stark shift the hyperfine from the 5 s :ﬁglz_o
bulk value (4.2 mT).
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Figure 3(c): The wave functions for the donor in y (nm)
) bulk and for a donor in the device. The ratio of the
\ two wave functions is used to model the wave 3(d) Hypefoine
function distortion in the nanostructure. (MT)
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) \ Figure 3(d) : Calculation of the hyperfine splitting Z (nm) -20 . W 42
) based on NEMO (Fig. 3(a)) and TCAD (Fig 3(b)). SErisiand M 44
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Figure 3(e): Tunability of the hyperfine with
Plunger Gate Voltage ( V, ) for donors at locations 3(€) _
obtained from Fig 2(c). The tunability for donors _ b
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Summary and Future Work

= Developed TCAD, NEMO 3D and FASTCAP models to match experimental results of spin readout/control device.
= Obtained a locus of donor locations compatible with ion implantation, based on simulating experimental results.
= Future work will concentrate on the device-specific modelling of

(i) Triangulation of mutual capacitances (ii) Anisotropy of the hyperfine interaction

(iii) Tunnel Rate between donor electron and SET Island (iv) Multi-donor qubit devices
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Figure 2(a): TCAD model (in the absence of donor)
of the nanostructure with experimental gate
voltages and dimensions.

Figure 2(b) : Calibration of threshold voltage of
the model with experiment, by addition of
interface (Si/SiO,) charges.

Figure 2(c) : Conduction band profile in the
nanostructure to obtain the locus of donor
locations compatible with electron spin readout.

Figure 2(d) : NEMO 3D donor energy states on
placing donors in the lattice, where TCAD
conduction band is 45.6 meV above the Fermi
level.
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Figure 4(a) :The charge stability diagram, with
transitions resulting from electron tunneling
between donor and SET.

Location

Distance from
SET (nm)

60
I 50

Distance from
SET (nm)

35
30

-45

4(b
( AV
e
' 0.7
| ; 0.6
Z(nm) -15 i SET . .05
| island
| 0.4
30 l
0 15 30 - 0.3
Aq C donor - SET
= Y(nm)
e > C donor
Figure 4(b) : The charge transfer signal calculated
from mutual capacitances in the device by
boundary element technique.
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Figure 5 : 3D map of donor locations obtained by matching experimental
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(a) Spin readout criterion
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