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Introduction

Electrometry & Charge Sensing

Summary
1. Simulated capacitances compare well (better than 10%) with those 

extracted from measurements.
2. Capacitive modeling estimates size and shape of complex quantum dots.
3. SPICE modeling results indicate that significant increases in charge 

sensing coupling, by a factor of 2 to 3, could be achieved with smaller 
geometries.

We investigate the effect of device geometry on charge sensing in laterally 
coupled doubled-top-gated MOS structures using a combination of semi-
classical TCAD simulation and capacitance modeling. The model accurately 
renders the complex topography of the MOS double top gated structure. The 
simulation results agree well with experimental results. The uncertainty in the 
simulated projections due to variation from nominal device dimensions is 
estimated to be within 10%. The simulated capacitive matrix is used to make 
projections of charge sensing coupling strengths for future designs; we find 
that significant increases in coupling, by a factor of 2 to 3, could be achieved 
with smaller geometries. SPICE modeling combined with this capacitance 
network model is used to discuss circuit feedback in the quantum dot from 
external sensing circuitry.  

Capacitive Model

Size & Shape Agree

3D CFD-ACE Simulation
A 19 by 19 capacitive matrix, Table 1, is simulated for the device shown in 
Figs. 1a,b and treated in E. P. Nordberg, et al., “Charge sensing in 
enhancement mode double-top-gated metal-oxide-semiconductor 
quantum dots,” APL 95, 2010102 (2009). A 2D view of the 2DEG and poly 
gate conductors is shown in Fig. 2a with the SiO2 layer removed for 
viewing; the simulated 19 conductor 3D meshed model is shown in Fig. 
2b. The island dots C1 & C2 as shown in Fig. 2 were sized and shaped in 
the CFD-ACE simulation approach until the simulated capacitances A-E 
poly gates-to-dot C1 matched the measurements, Fig. 3.  The capacitive 
matrix, Table 1, resulted from the that construction.  The measured 
capacitance 0.09 aF for the charge sensor was taken after capacitive 
matrix in Table 1 had already been simulated.  In this case, the measured 
capacitance for the charge sensor matched the simulated value 0.09 aF 
surprisingly well.

Fig. 1 (a) SEM image. (b) Cross-sectional schematic of Sandia’s nMOS 
gate stack (0.35 µm CMOS), SiO2 gate oxide(35nm), poly-Si(200nm), 
ALD Al2O3(60nm).  
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Fig. 4. TCAD analysis uses  MIT condition 
1.5E11/cm2 electron density to
estimate the size & shape of QD island C1.

Fig. 2. (a) 19 conductor model includes Island dots C1 & C2, charge 
sensor dots C3 & C4, 2DEG C5-C10, & poly gates C11-C18. (b) 3D 
mesh model with Al top gate C19.

Table 1. Simulated capacitive 19 by 19 matrix, model of Fig. 2.

Fig. 3. (a) Simulated capacitances match measurements. (b) Voltages 
applied to poly gates A-E in measurements.
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Single Electron Dot Modeling 

Fig. 5. (a) Applied voltages utilized to 
generate 1 electron dot C1, (b) TCAD 
simulates size & shape for one electron 
dot  (maximum charge density of dot is 
9.4e16/cm3 or, equivalently, 
0.375e11/cm2 ). (c) Comparison of 
capacitances: TCAD & CFD-ACE. (d) 
CFD-ACD Model for C1 & C2 dots 

Size & Shape

TCAD analysis utilized applied voltages Fig. 5a to construct the size and shape 
of island dot C1 containing only one electron, Fig. 5b and to estimate 
associated capacitances, Fig. 5c.  TCAD’s estimated size and shape together 
with its estimates of gate capacitances to the one electron island dots, C1 & C2 
were used in constructing CFD-ACE dots C1 & C2 as shown in Fig. 5d. CFD-
ACE was used to simulate the full 19 by 19 capacitive matrix, Table 2.

(b)(c) (a)

Table 2. Capacitive matrix for 1 electron dot, model of Fig. 5d

Fig. 6:   The state of the DQD is indicated 
by the magnitude of the conductance 
across the quantum point contact.

The size and shape of the QD islands C1 
was also constructed via TCAD analysis 
based on the MIT condition 1.5E11/cm2

electron density.  From Fig. 4. we see that 
TCAD and CFD-ACE simulations both 
construct QD island dots C1 with similar 
size and shape, Fig. 4.  The two 
approaches arrived at a similar size and 
shape.  The TCAD approach used the 
applied voltages, Fig. 3b, whereas the 
CFD-ACE approach used the measured 
capacitances ,Fig. 3a. 
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Charge injection from the 
high gain sections of the 

comparators feeds-back to 
the quantum circuitry.

Fig. 7:  Circuits 
for analyzing 
charge injection  
and effect of 
charge sensing.

Fig. 8:  (a) The 
capacitive model is 
utilized to create a 
small signal circuit 
model, (b) which is 
then converted to 
standard electronics 
simulation tools such 
as SPICE.

Fig. 9:  SPICE simulation results for 
voltage mode comparator approach.

Fig. 10:  SPICE simulation results for 
current mode comparator charge case.

Spin to charge conversion through a 
quantum point contact (QPC) or 
single electron transistor (SET) is one 
of the enabling technologies to 
perform measurements of double 
quantum dot (DQD) states.  Detection 
of a small charge variation requires 
sufficiently sensitive analog 
electronics.  The QPC can be biased 
in such a way to cause discrete 
conductance to appear across the 
QPC, Fig. 6. Using classical 
electronics, the QPC can be viewed 
as a classical variable resistor, i.e., 
CMOS comparator. 

During the read-out process, CMOS comparator converts the resistive variability 
to corresponding variations in voltage or current. Fig. 7 depicts this for both the 
voltage and current mode approaches .

In the voltage mode, the QPC conductance is converted to a voltage, VQPC, 
by applying an independent bias current, IQPC, through the QPC.  The result 
is a voltage, VIN, on the drain of the QPC equal to the product of IQPC and 
RQPC, where RQPC = 1/GQPC.  The DQD state is reflected on the output of the 
comparator as a digital high or low by comparing the resulting QPC voltage 
to a reference voltage.  In the current mode, the QPC conductance is 
converted to a current by applying an independent bias voltage, VQPC, across 
the QPC.  The result is a current, IQPC, through the QPC equal to VQPC/RQPC.  
Again, the DQD state is reflected on the output of the comparator as a digital 
high or low by comparing the resulting QPC current to an adequate reference 
current.

In order to study the effects of the comparator charge feedback, the 
capacitive model is utilized to create a small signal circuit model, Fig. 8a, for 
use in standard electronics simulation tools such as SPICE, Fig. 8b.  In this 
way, the small signal model is used to do the following: (a) evaluate effect of 
classical electronics on DQD, (b) perform noise analysis including charge 
injection, feedback, and cross-talk and their effect on gate rotations, (c) 
correlate voltage pulses on gates to exchange energy at quantum dots, and 
(d) guide classical electronics to more robust and accurate designs with 
fewer circuit iterations.

SPICE Model
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The charge sensing feedback analysis results are shown in Figure 9 for the 
voltage mode comparator interfaced to the capacitive network model of the 
DQD, and  Figure 10 for the current mode comparator interfaced to the 
capacitance network model.  The graphs of Figure 9 show (from top to 
bottom) the comparator clock, which is the signal that turns on the 
comparator; next is the change in voltage on the comparator input node (VIN) 
due to the charge injection; and the bottom three plots are the resulting effect 
on the island of the QPC which is connected to the input node of the voltage 
mode comparator, the right dot, the left dot, and finally the adjacent left QPC 
island on the opposite side of the DQD (similarly, for that in Fig. 10).

The simulated capacitive matrices in Tables 1(large dot with many electrons) 
& 2(small dot with one electron) provide insight into making projections of 
charge sensing coupling strengths for future designs. SPICE modeling based 
on these and other capacitive models indicate that significant increases in 
charge sensing coupling, by a factor of 2 to 3, could be achieved with smaller 
geometries.
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