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We present measurements of silicon (Si) metal-oxide-semiconductor (MOS) nanostructures that are fabri-
cated using a process that facilitates essentially arbitrary gate geometries. Stable Coulomb-blockade behavior
showing single-period conductance oscillations that are consistent with a lithographically defined quantum dot
is exhibited in several MOS quantum dots with an open-lateral quantum-dot geometry. Decreases in mobility
and increases in charge defect densities (i.e., interface traps and fixed-oxide charge) are measured for critical
process steps, and we correlate low disorder behavior with a quantitative defect density. This work provides
quantitative guidance that has not been previously established about defect densities and their role in gated Si
quantum dots. These devices make use of a double-layer gate stack in which many regions, including the
critical gate oxide, were fabricated in a fully qualified complementary metal-oxide semiconductor facility.
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I. INTRODUCTION

Depletion-mode lateral quantum dots in GaAs/AlGaAs
heterostructures have been used to make electrically con-
trolled spin qubits.!~% Important features of the lateral geom-
etry include a tunable tunnel-barrier opacity, a highly tunable
electron occupation, and an open active region, providing the
ability to tune the position of the quantum dots.”® The lateral
noncollinear geometry helps to maintain strong tunnel cou-
pling to two different reservoirs as quantum dots decrease in
size. This geometry has been used to enable one-electron
occupation in single,'® double,!" and triple quantum dots.'?
Charge sensor integration in these structures is also facili-
tated by the lateral open geometry and it assists in unambigu-
ous identification of single electron occupation and spin
measurement through spin-to-charge transduction. An addi-
tional aspect of the GaAs/AlGaAs material system is that all
the nuclei have nonzero spin. Although the nuclear spins of
both Ga and As have been used successfully to drive rota-
tions in a singlet-triplet qubit,’* and can be partially
controlled,'* nuclear spins are also an undesirable source of
spin decoherence.

The existence of nuclear-spin-free semiconductor materi-
als such as 2®Si has motivated significant efforts to realize
silicon quantum-dot qubits.">"'” Quantum dots have been
formed in silicon by a wide variety of methods, including en-
hancement-mode silicon metal-oxide semiconductor (MOS)
structures,'820  strained Si/SiGe (sSi/SiGe) modulation-
doped heterostructures,”=> collinear gated nanowires,?® and
atomically patterned delta layers.”” The ability to form few
electron singlet and triplet states has also been demonstrated
with spin-blockaded transport for both sSi/SiGe (Ref. 28)
and enhancement-mode collinear MOS (Ref. 29) double
quantum dots.

Advantages of pursuing enhancement-mode MOS struc-
tures include: (1) highly variable electron density in the two-
dimensional electron gas (2DEG); (2) the possibility for out-
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standing charge stability;>*32 (3) simpler integration with
standard classical Si complementary MOS (CMOS) electron-
ics for potential integration with high-speed charge-sensing
circuitry;>> and (4) potential hybrid integration with single
donors.3*3 Investigation of enhancement-mode devices is
further motivated by the recognition that charge noise in
modulation-doped heterostructures, while very small, is in
fact associated with the modulation doping layer that is ab-
sent in an enhancement-mode device.3®

A common characteristic of silicon MOS enhancement-
mode quantum dots, to date, is that both the leads and the
quantum dot(s) are collinear, with entrance and exit point
contacts aligned across the device.'32%2°-32 This geometry
encourages the dot to form in a small region with only mod-
est flexibility available to tune the quantum-dot position with
respect to its leads, other neighboring quantum dots, and
disorder in the system. In contrast, the gate designs most
commonly used to form quantum dots in modulation-doped
heterostructures have a more open gate pattern and a non-
colinear design.'® In such open designs, in part because elec-
trons are not confined to a narrow strip by etching or a nar-
row top gate, many properties of the device are more easily
tuned in situ, including the position of the dot and the role of
any particular gate, a feature that helps explain the ubiquity
of this design. Demonstration of an open noncollinear lateral
MOS quantum-dot geometry with single-period Coulomb
blockade, consistent with the lithographic gate geometry and
not dominated by the period of localized parasitic dots,
would lead to a significant increase in flexibility of
enhancement-mode MOS quantum dots and would represent
a critical step toward advancing the MOS system along the
same path used for spin qubits in GaAs/AlGaAs.

Disorder is produced by many factors and the implica-
tions of the different forms of disorder for tunable quantum-
dot behavior are not well characterized or understood. The
MOS system is susceptible to fabrication-induced disorder,
which can manifest as scattering and parasitic dot formation
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FIG. 1. (Color) (a) Optical image of an etch-defined device before both secondary dielectric and global top-gate deposition. The
following features are identified: (I) n+implanted ohmic contacts extending into a window etched into the deposited field oxide, (II) exposed
gate oxide within the etched oxide window, and (III) etched polysilicon gates patterned with electron-beam lithography. (b) Cross-sectional
schematic after processing in the CMOS facility. (c) Cross-sectional schematic of the completed layer structure corresponding to the line cut

indicated by the dashed horizontal line in (a).

in transport, making it difficult to probe only the transport
resulting from the lithographically gated quantum dot.3>%’
One such factor is the introduction of charge defects. The
density of such defects is a strong function of the device
processing in MOS systems. Although there is an extreme
wealth of knowledge about (a) silicon processing, (b) pro-
cessing effects in classical room-temperature field-effect
transistors (FETs), and (c) some studies on collinear
quantum-dot geometries,>”3 significant questions still re-
main about the implications the defects and disorder have for
the viability of MOS quantum dots for coherent few
electron-spin physics. A necessary step toward addressing
these questions is to examine quantum-dot behavior with a
fully characterized process flow.

In this paper we present (1) open-lateral MOS quantum-
dot transport that shows single-period Coulomb blockade
over wide bias ranges; (2) single-period Coulomb blockade
consistent with a quantum dot defined by the lithographic
features and not dominated by disorder; (3) quantitative char-
acterization of the process steps used to fabricate both the
low disorder quantum dots as well as cases for which disor-
dered quantum-dot behavior is strongly exhibited; and (4)
numeric calculations of the corresponding magnitude of the
disorder potential produced by these ranges of charge de-
fects, which is compared to a modulation-doped GaAs/
AlGaAs case. An important contribution of this paper, there-
fore, is to demonstrate single-period, low disorder Coulomb
blockade in an open MOS quantum-dot geometry and iden-
tify a quantitative range of defect density and mobility for
which this behavior occurs.

The paper is divided into three sections. In Sec. I C, we
describe the device design and fabrication including the use
of an initial MOS stack fabricated within a 0.35 um CMOS
production line that allows for flexible nanostructure post-
processing. Defect characterization is described for critical
nanostructure fabrication steps and includes mobility, inter-
face trap density Dy, and effective fixed-oxide charge Qy,. In
Sec. I B, we report transport measurements of point contacts
and quantum dots, including disorder free transport through
devices with an open-lateral geometry. Section I C discusses

numerical calculations of both the disorder potential and the
capacitance of a quantum dot using a three-dimensional (3D)
finite element commercial package that shows that the mea-
sured quantum-dot capacitances are consistent with dots de-
fined by the lithographic gates and not by a disorder poten-
tial.

A. Device fabrication

The silicon quantum devices studied here are fabricated in
two phases. A MOS gate stack with an exposed 100 wm
X100 pwm degenerately doped polysilicon accumulation
gate is fabricated using the same process line used for dedi-
cated 350 nm CMOS circuit fabrication at Sandia National
Laboratories. The gate stack is modified to allow a second
phase of fabrication using electron-beam lithography (EBL),
which is available only outside of the Si CMOS facility.
These modifications include a window in the field oxide
opened to expose the polysilicon for subsequent nanofabri-
cation and peripheral n* ohmic implants, providing electron
reservoirs at the edge of the window, as seen in Figs. 1(a)
and 1(b). Details of the phase I processing can be found in
Appendix A.

The phase II fabrication of the nanostructure consists of
EBL followed by a plasma etch to form the polysilicon
depletion gates. A secondary dielectric, consisting of 60 nm
of Al,O;, was added via atomic layer deposition (ALD),
which was then annealed in forming gas. In some cases,
reoxidation was done before the ALD step. Subsequent met-
allization for the top gate and its contacts were done to com-
plete the structure, followed by a final forming-gas anneal. A
schematic of the final gate stack can be seen in Fig. 1(c).
Specific details of each step during phase II processing can
also be found in Appendix A.

The disorder potential at the oxide-Si interface is influ-
enced by a number of factors, including fixed defect charges
within the oxide, interface trap charge, and surface rough-
ness. Many processing steps in phase II can introduce dam-
age resulting in additional charge within the structure and
reducing the quality of the phase I material. Processing steps
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TABLE I. Summary of mobility measurements.

Tsioo Tanos Ihoeak Start speak Mpea.  m(n=5X10"" cm™)  Density Oxidation
Condition (nm)  (nm) (cm?/Vs) (cm?/Vs) (cm™2) (cm?/Vs) method condition
Phase I only 35 0 8000-16 000 8000-16 000  ~10'2 5500-10000 Cox-nominal Various
(wafer
dependent)
Phase I/EBL 10 0 2000 10 000 3.5%x10"? 650 Coxnominat 10 nm Ox. w/DCE?
Phase I/EBL/ 10 0 6600 10 000 2.4%10? 3500 Coxnominat 10 nm Ox. w/DCE
forming gas
Phase I/ 35 0 150 13 800 >4 %102 30 Coxnominal 35 nm Ox. w/DCE
polysilicon etch/Al°
Phase I/polysilicon etch/ 35 0 5250 13 800 1.8x 102 750 Hall 35 nm Ox. w/DCE
Al/forming gas
Phase I/polysilicon etch/ 35 60 300 13 800 >4 %102 50 Coxnominal 35 nm Ox. w/DCE
ALD/Al
Phase I/polysilicon etch/ 35 60 8300 13 800 1X10"? 6800 Hall 35 nm Ox. w/DCE
ALD/Al/forming gas
Phase I/ebeam Al 35 0 4950 14 250 210" 2500 Coxnominal 35 nm Ox. w/DCE
Phase I/ebeam Al/ 35 0 8700 14250 1.2x 10" 5700 Coxnominal 35 nm Ox. w/DCE
forming gas
Phase I/thermal Al 35 0 8000 8000

“DCE—(Dichloroethane).
bUnless noted, aluminum deposited via electron-beam evaporation.

were characterized by examining changes in either mobility
or charge defect density. High-frequency and quasistatic
capacitance-voltage (C-V) were used to measure static oxide
charge density and interface trap density.

Low-temperature mobilities (T=4.2 K) were measured in
test structures that simulated the process steps of the device
fabrication. Initial (phase I only) peak mobilities were as
high as 16 000 cm?/Vs, with a wafer to wafer variability
noted in Table I. The experiments described in Table I in-
clude a mobility measurement of the phase I and mobility
measurements of duplicate samples after each indicated
phase II process step. The mobility measurements highlight
that: (1) damage to the active region can occur despite an
overlying protective layer of polysilicon, notably during
EBL, which is a workhorse lithographic method of the
quantum-dot community; (2) mobilities can be very low
(~200 cm?/Vs) after steps such as polysilicon etch; (3)
forming-gas anneals are critical, and enable the recovery of a
significant fraction of the mobility but are not sufficient to
recover the entire mobility; and (4) gate stacks most like the
quantum dots with the lowest disorder in Sec. II show a
mobility of 8300 ¢cm?/Vs. The damage from the EBL is pre-
sumably a result of secondary photon emission (e.g., X rays)
due to the stopping of the impinging high-energy
electrons,>*% which penetrate the polysilicon and affect the
underlying gate oxide and silicon. Although similar qualita-
tive observations about process damage and forming-gas an-
nealing exist in previous literature, few reports exist that de-
scribe the process effect on low-temperature mobility that is
a commonly used figure of merit for low-temperature de-
vices. In Sec. II, correlation of these mobilities with the
quantum-dot behavior leads to the observation of single-
period Coulomb blockade in samples with both low and high

mobility. While the higher mobility device does indeed dis-
play superior performance, it is clear that mobility alone is
not a sufficient indicator of the ability to form tunnel barriers
and quantum dots that exhibit single-period Coulomb block-
ade consistent with a lithographically defined dot, in contrast
to quantum dots formed by local trapping or a disorder po-
tential.

The relative change in interface trap density D;, was also
examined for several conditions similar to the device pro-
cessing in an effort to find processes that minimize both D
and Qg (Table II). Details about the D; measurements are
provided in Appendix B. Forming-gas anneals are known to
be critical in reducing D; (Refs. 39 and 40) as well as recov-
ering mobility. After forming-gas annealing, little variation
in the reduced D, is observed for the different process steps.
Because D;; and near interface traps are correlated with both
1/f noise and paramagnetically active defects, it is an impor-
tant observation that the nanostructure fabrication steps do
not introduce more of these harmful defects.

The flat-band voltage Vj, was monitored for the different
processing conditions, to examine the change in effective net
charge in the oxide (Table II). A shift in Vg, can be associated
with a change in the sum of positive and negative charge in
the oxide stack. For unprocessed thermal gate oxides, it is
known that a large positive fixed charge resides near the
oxide-Si interface. Qp, is the charge calculated from the dif-
ference between the measured flat-band voltage shift and the
theoretical ideal case with a charge-free oxide. The charge at
the oxide-Si interface that accounts for the observed flat-
band shift in each case investigated is reported in Table II.
Process damage can distribute either negative or positive
charge throughout the oxide, with charge closer to the top
metal gate contributing less of an offset than that nearer to
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TABLE II. Summary of capacitance-voltage test structures simulating device process flow.

TSioo-nominal ~ Ta203  T'si02-meas Dit10 Diay Vio O
Condition (nm) (nm) (nm) (em?/Vs) £1x10'0  (cm?/Vs) (V) (em™?) £3.2x10'
Si0, YAl 35 0 353 2.39%10'0 3.51x10°  -0.79 6.58 X100
Si0,/15 nm Al,O4/Al 35 15 35 2.88x 1010 271X 100 —0.45 —-1.17x 10!
Si0,/30 nm Al,04/Al 35 30 35 3.68x 1010 4.19x 10"  -0.76 3.5%10%0
SiO,/polysilicon etch/Al 35 0 8.4 ¢ ¢ ¢ ¢
SiO,/Al/no FG anneal (Ref. 41) N/A 0 N/A 3-6x10'2 N/A N/A N/A
Si0, /Al 10 0 10 -0.72 8.73x 1010
Si0,/Al 70 0 70 1.74x 1010 2.55% 10 —0.86 5.38%x 100
SiO,/polysilicon etch/Al 70 0 44.7 3.43%x10' 3.4x100  -0.13 -2.69x 10"
SiO,/thermal Al 35 0 35 3.32%x10' 2.98x 100 125 271%x 10"

“Oxides grown in oxygen ambient at 1 atm with a temperature of 1000 °C.
10 nm oxide grown in 10% oxygen partial pressure diluted with Ar at 1000 °C.
“‘Measurements unattainable due to oxide leakage current. See Appendix B for details.

the interface, due to screening from the conducting gate. Qy,
is, therefore, an equivalent charge that assumes the charge
within the oxide stack is near the interface. We note that
mobility is sensitive to the total number of charge centers
rather than the net charge.

Oy, is strongly dependent on the processing choices. The
second dielectric thickness, the polysilicon etch,*? and the
method of Al deposition,** each impact the effective charge.
The magnitudes of the charge densities range from ~5
X 10" to 3 10'"" cm™. In the cases where forming-gas an-
neals are done, the largest contribution to disorder is the
fixed charge, which will make a major contribution to the
resulting electrostatic disorder potential. Calculations of
electrostatic potentials resulting from this range of defects
reveal rms fluctuations in the potential comparable to a
modulation-doped GaAs/AlGaAs case, as discussed below in
Sec. I C. For cases in which no forming-gas anneal is per-
formed, literature reports suggest that the interface trap den-
sity can be greater than 10'?> cm™2/eV, well above the mea-
sured fixed charge density, and large enough that it would be
predicted to produce very deep fluctuations in the potential
near the Si interface (Sec. I C).

B. Device structure and transport measurements

The double-top-gate and open-lateral geometry discussed
here provide flexibility in the location of the intended quan-
tum dot relative to the leads and other neighboring nano-
structures (e.g., point contacts and neighboring dots). The
configuration used in this work is shown in Fig. 2(a). This
structure emulates a gate configuration often used for
modulation-doped quantum dots and that has successfully
been used to form spin qubits by other groups.>-® However,
in the enhancement-mode MOS structure, a top Al gate over-
lays the polysilicon depletion gates, as shown in Figs. 2(b)
and 2(c), inducing the conduction electrons in the leads and
the dot. A 3D capacitance model, described later in this pa-
per, addresses the capacitance matrix of this system and en-
ables an understanding of the quantum-dot size and location.

Transport measurements of two samples (A and B) were
performed in a *He refrigerator with a base temperature of

250 mK and a third sample (C) was measured in a dilution
refrigerator operating at a temperature of 100 mK. Conduc-
tance measurements were done using a lock-in amplifier with
an ac excitation of 100 wV at 13 Hz, unless otherwise noted.
Samples A and B are shown to have similar mobilities, 800
and 600 cm?/Vs respectively, but sample B experienced
processing known from the work presented in Sec. I to in-
troduce more defects than that experienced by sample A.
Sample C experienced processing that produces the lowest
defect density of all three samples, and its field mobility is
~4500 cm?/Vs. Additional information about the differ-
ences in sample fabrication can be found in Appendix A.

The structure shown in Fig. 2(a) has a central region de-
fined by depletion gates B—F and H that are operated to form
a single oval quantum-dot region for devices A and B, and
enables tunability through the use of many independent
gates. Gates A and G form point contacts with B and F,
respectively, and are intended for charge sensing (not dis-
cussed here). In spite of similar mobilities between samples
A and B, the pinch-off curves for point contacts formed in
these two devices, shown in Figs. 3(a) and 3(b), are distinctly
different: sample A shows a pinch-off curve with relatively
low disorder. The pinch-off curves show a small number of
resonances that are probably due to a combination of
backscattering,** a parasitic dot,”> and quantum interfer-
ence.* In contrast, sample B shows dramatic evidence of
disorder in the form of resonances throughout pinch off of
various magnitudes and periods, likely indicating the sus-
tained presence of one or more parasitic dots within the
channel. The magnitude and frequency of scattering and
trapping in such a defect rich tunnel barrier make it excep-
tionally difficult to observe single-period Coulomb blockade,
consistent with a lithographically formed dot, over any range
of bias in sample B.

The inset of Fig. 3(a) shows representative conductance
measurements through the quantum dot. Periodic Coulomb-
blockade oscillations with similar peak heights are observed.
Coulomb-blockade oscillations were visible when sweeping
any of the gates immediately adjacent to the quantum dot. In
addition to periodic Coulomb oscillations, a noticeable de-
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FIG. 2. (a) Scanning electron microscope (SEM) image of Si
nanostructure without Al,O5 or Al top gate; (b) tilted SEM image of
completed device with both Al,O3 and Al top gate; and (c) SEM
cross section after focused ion-beam cut of a completed device
through gate H at the position shown by the solid horizontal line
in (a).

crease in overall conduction (both the maxima and the
minima of the peaks) is observed as Vp, becomes increas-
ingly negative in the inset of Fig. 3(a). This decrease is due
to capacitive coupling between gate D and the entrance and
exit tunnel barriers.

In addition to the modest difference in mobility, there are
three important differences between samples A and B. First,
the feature sizes of sample B are much larger, with gap sizes
of 150 nm as opposed to 50 nm or smaller, resulting in much
larger pinch-off voltages and a longer effective length for the
point contact. Second, the polysilicon depletion gates of
sample B were not subject to an additional oxidation after
the pattern etch. Finally, at no point during the processing of
sample B was a forming-gas anneal performed. Because
sample B was subjected to neither a second oxidation nor a
forming-gas anneal, both structural and charge-based dam-
age incurred during phase II processing remain as potential
sources of disorder. The contrast in character of Figs. 3(a)
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FIG. 3. (Color) (a) Transport through point contacts in sample
A; conduction is plotted as a depletion gate voltage is applied to
both gates B and H (solid trace) and gates F and H (dotted trace)
with a top-gate voltage of Vig=25 V and an applied ac source-
drain voltage of 100 wV. Inset: transport through the gated quan-
tum dot shown in Fig. 2(a) as a function of Vp showing small
amplitude Coulomb-blockade oscillations V=25 V, Vg=Vg=0,
Vyg=—100 mV, and V-=Vg=-500 mV. (b) Transport through a
point contact in sample B, which was fabricated without a forming-
gas anneal; conduction is plotted as a depletion gate voltage is
applied to both gates A and B with a top gate voltage of Vig
=8 V and an applied ac source-drain voltage of 100 wV. Instead
of a monotonic decrease in conduction, disorder within the channel
produces resonances through pinch-off characteristic of the forma-
tion of quantum dots within the constriction.

and 3(b) suggests that additional anneals reduce the number
of defects that can lead to scattering or parasitic dot forma-
tion, which correlates well with the observed reduction in
oxide charge and interface traps (Sec. I) and indicates that
peak mobility alone is not a sufficient measure of the disor-
der that is relevant for quantum-dot devices.

We now discuss a device, sample C, that was processed
using many of the optimizations described above. Measure-
ment of test stacks with these additional changes led to peak
mobilities higher than 8000 cm?/Vs, approaching the base-
line values obtained immediately after phase I processing.*6
The mobility measured in the field of sample C was
4500+ 500 cm?/Vs. While not as high as the test structure,
this final device mobility is an improvement upon the mo-
bilities of samples A and B.

Single quantum dots were observed in the sample C struc-
ture on both the left (gates B, C, D, and H) and right (gates
D, E, F, and H) portions of this nanostructure, demonstrating
the flexibility of the double-layer gate design. Representative
data is presented here on a single dot defined on the right
side of the structure depicted in Fig. 2(a). The electronic
configuration included setting Vg=V=+1.5 V to allow un-
restricted conduction beneath gates B and C. Tunnel barriers
were formed with gate pairs D and H, as well as F and H
while gate E was used as a plunger gate and was minimally
coupled to either tunnel barrier. As shown in Fig. 4(a), stable
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FIG. 4. (Color) (a) Conductance as a function of the voltage on
gate E through the quantum dot, formed by gates D, E, F, and H
shown in Fig. 2(a). The voltages on the remaining gates are
Viop Gae=*+5 V, Vp==800 mV, Vg=-2.3 V, and V;;=-900 mV.
(b) Conductance as a function of source-drain voltage and the volt-
age on gate E. Voltages on the remaining gates are Vriop Gae
=+5 V, Vp=-800 mV, Vg=-2.1 V, and Vz=-900 mV.

Coulomb blockade was observed at and around the following
voltage conditions: Vrg, gae=15 V, Vp=-800 mV, Vg
=—1.25 V, Vg=-2.3 V, and Vy=-900 mV. Importantly, as
a result of the processing modifications described above, the
Si/Si0, interface and surrounding dielectric regions were
clean enough to allow well-separated peaks with essentially
zero conductance in between the Coulomb peaks. An enve-
lope modulation in the Coulomb-blockade peak amplitude is
observed in the Coulomb-blockade oscillations as a function
of gate voltage. Coulomb-blockade amplitude envelope
modulation has been observed in many other semiconductor
quantum-dot systems and has been attributed to a variety of
sources, including changes in coupling to the leads as orbit-
als are filled, quantum chaos, universal conductance fluctua-
tions, and variations in tunnel-barrier conductances due to
either capacitive crosstalk or disorder.” Figure 4(b) shows
measurements of Coulomb diamonds in this device. The dif-
ferential conductance was measured using a lock-in tech-
nique with a source-drain voltage Vsp modulated at 13 Hz
with an excitation of 50 wV. The Coulomb diamonds indi-
cate a charging energy Ec=~ 1.1 meV for this quantum dot.

C. Discussion and analysis

To establish whether the observed quantum-dot behavior
was consistent with confinement due to the lithographic
gates, in contrast with smaller disorder dots, capacitances for

PHYSICAL REVIEW B 80, 115331 (2009)

Top Gate

0
0 100 200 300 400 500
X (nm)

Gates & } EfRI°©
QDinSi |

FIG. 5. (Color) (a) Results of an electrostatic simulation of a
quantum-dot structure similar to that shown in Fig. 2(a). Blue re-
gions in the figure represent depletion gates, magenta regions cor-
respond to areas where the metallic top gate comes within a vertical
distance of 95 nm of the Si-SiO, interface, as noted. The locations
of the 2DEG leads and the quantum dot are shown using a black
contour marking the conduction edge. (b) Gate labels and represen-
tative meshing for 3D capacitance modeling. The area indicated by
the black box corresponds to the portion of the device modeled in
(a). (c), (d), and (e) 3D rendering of the doped polysilicon depletion
gate layer, the dielectric layer, and the metallic top-gate layer, re-
spectively, used in the 3D capacitance modeling. The results of
which are shown in Table III.

the quantum-dot structure were calculated numerically and
compared to experimental results. A combination of commer-
cial simulation packages were used to calculate the capaci-
tance network of the 3D structure. The initial step was to
solve for the potential and charge distribution in the
quantum-dot region using a technology computer-assisted
design (TCAD) package, Davinci, results of which are shown
within Fig. 5(a) for the same gate bias as was used for the
transport measurement shown in the inset of Fig. 3(a). A
contour of constant electron density 1.5X10'' cm™ is
shown in Fig. 5(a) and was used to define the metallic edge
of the quantum dot. An electron density of approximately
1.5X 10" cm™ has been observed to show a metal-insulator
transition at ~100 mK for MOSFETs with mobilities of
~10 000 cm?/Vs.*” The edge of this density contour was
used to define the geometry of a metal sheet, shown in Fig.
5(b), for a 3D finite elements calculation of the capacitive
coupling to the depletion gates. The 3D structure was con-
structed from the 2D computer-assisted design mask levels
and nominal layer thicknesses, Figs. 5(c)-5(e). Table III
shows the capacitances calculated with CFD-ACE+, a mul-
tiphysics software package from ESI Group. These capaci-
tances are compared to experimental values obtained from
device A, measured by monitoring the period of Coulomb-
blockade oscillations as each specific depletion gate voltage
is changed. The modeled capacitances are in good agreement
with the experimental values, both in magnitude and trend,
consistent with the interpretation that the measured quantum
dots are defined by the lithographic features of the tunable
gated structure rather than by a disorder potential.

Defect charges at or near the oxide-Si interface can con-
tribute to disorder by forming random fluctuation potentials
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TABLE III. Calculated and measured capacitances from quan-
tum-dot sample A.

Modeled capacitance Measured capacitance

Gate (aF) (aF)
B-Q 40.2 48.1
Cc-Q 16.4 14.7
D-Q 16.9 11.2
E-Q 16.4 14.1
F-Q 402 48.1
H-Q 16.7 20.8

deep enough to trap or scatter electrons. Having measured a
range of defect densities in the oxide, the dependence of the
average magnitude of the disorder potential can be calculated
for this range to offer insight about whether the higher range
of measured charge densities could contribute sufficiently to
explain the disorder in sample A, in contrast with other pos-
sible contributions to the disorder such as surface roughness.
In particular, over some bias ranges the peaks in the disor-
dered barriers in Fig. 3(b) are equally spaced, indicative of
many-electron parasitic dot formation, and inconsistent with
trapping from single isolated positive charges in the oxide.
The latter would be expected to bind no more than a few
electrons, in analogy with an ionized donor in silicon with a
confining potential of ~40-50 meV.

Numerical simulations of the potential produced by a ran-
dom distribution of bare positive charges located within the
oxide and 2 nm from a Si-oxide interface are shown for
values of 1X 10 cm™2, 1 X 10! ¢cm™2, and 1 X102 ¢cm™2
in Figs. 6(a)-6(c), assuming the centroid of the electron dis-
tribution is ~5 nm from the interface. The case where the
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FIG. 6. (Color) A simulation of bare potential with random dis-
tribution of charges located within the oxide, 2 nm from the Si-SiO,
interface with a charge density of (a) 1 X 10'0 charges/cm?, (b) 1
X 10" charges/cm?, (c) 1X10'? charges/cm?, and (d) +5
X 1010 charges/cm? combined with —5X 100 charges/cm? for a
net zero charge at the interface. Contour spacing in each plot is 6
mV. Boxes represent a guide for an area of approximately 50 nm
X 50 nm representative of dimensions approximately the size of
the point-contact dimension.
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net charge is zero through the introduction of both positive
and negative charge densities of magnitude 5% 10! cm2 (a
total to 1X 10'"" cm™ scattering centers) is also shown in
Fig. 6(d), demonstrating the effect of compensating negative
charge on the disorder potential. An image charge solution
was used to calculate the potential in the silicon due to a
charge in the oxide,*® using a dielectric constant of 11.9 for
silicon and 3.9 for silicon dioxide. The standard deviation of
the potentials summed over 20 different ensembles was cal-
culated to be 4.3, 13.6, 42.0, and 13.5 meV for 100, 10!,
10", and -5% 10 cm™2+5x10'" cm™ charge densities
with maximum well depths of 40.7, 201, 1630, and 48.0
meV, respectively, where the variance in charge position
leads to clusters of charge with significantly deeper wells.
The standard deviation in a high mobility modulation-doped
GaAs/AlGaAs structure with 2.16 X 10'> cm™2 ionized do-
nors at a distance of 28 nm, for comparison, was calculated
by Nixon and Davies*’ to be 18 mV, which falls within the
range of 10'' and 10'? ¢m™ fixed charge at the Si/SiO,
interface.

II. SUMMARY

Single-period Coulomb blockade, consistent with the
charging energy of a lithographically formed quantum dot, is
observed in two Si structures that have an open-lateral MOS
enhancement-mode gate geometry. The open-lateral gate ge-
ometry allows significant tuning of the confining potential
and emulates structures in GaAs/AlGaAs and sSi/SiGe that
have been used to achieve few electron double quantum dots
and probe coherent few electron-spin properties. Stable dot
formation in several different configurations (i.e., left, right,
or both sides of a double-dot structure) is demonstrated
showing the flexible tuning of the position of the dots in the
open-lateral geometry. Achievement of low disorder quan-
tum dots in an open-lateral enhancement-mode MOS geom-
etry is motivated by potential benefits such as more tunable
electron density, integration for enhanced read out, reduced
background dopants, and potential hybrid donor quantum-dot
coupling.

Disorder due to defects introduced during processing is
found to be a critical hurdle to achieving quantum dots that
are not plagued by scattering and parasitic dot formation.
Characterization of each process flow step’s effect on mobil-
ity and charging of the oxides through high- and low-
frequency capacitance-voltage measurements were de-
scribed. The primary change in process-induced charging of
the oxides is in fixed charge in the oxide while the interface
trap density can be maintained near the same values as the
starting gate oxide-silicon interface. Improved processing
leads to a transition from a device that is plagued by disorder
to one that shows clean quantum-dot behavior over wide bias
ranges. The open geometry is also used to form tunable dots
in several configurations, consistent with using different
lithographic gates to define the dot size rather than being
dominated by disorder potentials. Single-period Coulomb-
blockade behavior is achieved in process flows that are char-
acterized to have mobilities that range from 500 to
4000 cm?/Vs, D;~3x%10"° cm™2eV~!, and Qg~3.5
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X 10" c¢cm™, where Qy, is a net charge density of positive
and negative charges combined. These charge densities cor-
respond to an rms electrostatic potential near the Si interface
that is comparable in order of magnitude to a representative
GaAs/AlGaAs modulation-doped structures.
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APPENDIX A

Phase I fabrication steps: (1) source-drain implant: 2
X 10" cm™? arsenic implanted at an energy of 50 keV. (2)
Gate oxidation: 35 nm SiO, grown at 900 °C for 150 min.
(3) Silicon deposition: 200 nm nominally undoped amor-
phous silicon (a-Si). (4) a-Si doping: 5% 10" cm™ arsenic
implanted at an energy of 35 keV. (5) a-Si patterning etch:
CF,-based plasma etch through ~80% of the layer followed
by a high selectivity HBr etch to stop on the SiO, gate oxide.
(6) a-Si oxidation, crystallization, and activation: 10 nm SiO,
grown for 13 min at 900 °C and 30 min N, anneal at
900 °C. (7) Field-oxide deposition: 300-500 nm SiO, de-
posited via high-density plasma chemical vapor deposition.
(8) Via formation: CF,-based plasma etch. (9) Via, bond pad
metallization: 200 A Ti, 500 A Ti/N , 5000 A tungsten con-
formally deposited via chemical vapor deposition. (10) Ox-
ide window opening: CF,-based plasma etch.

Phase II fabrication steps for samples A and B: (1) e-beam
lithography: 100 keV electron beam with 400 pA beam cur-
rent and areal dose of 190 «C/cm? on negative e-beam re-
sist (NEB). (2) Nitride/oxide etch: 440 s, CHF;-based, 350
W, inductive-coupled plasma reactive-ion etch (ICP-RIE).
(3) Depletion gate formation, polysilicon etch: 170 s, HBr,
300 W ICP-RIE with exposed and developed NEB as etch
mask. (4) NEB removal: solvent clean and 20 min oxygen
ash. (5) Preoxidation clean: 15 min tungsten etch in 60 °C
H,0,, 5 min nitride etch in 165 °C H;PO,, RCA Clean.’® (6)
Thermal oxidation (device A only): 24 min thermal oxidation
at 900 °C. (7) Secondary oxide deposition: 200 °C ALD of
60 nm of Al,O5 using trimethylaluminum and water (H,O)
precursor chemistry. (8) ALD via etch: Patterned HF via etch
to ohmic and polysilicon contacts through ALD Al,O5. (9)
Top-gate bonding pad metallization: 1000 A Al deposited
via e-beam evaporation. (10) Forming-gas anneal (device A
only): 30 min at 400 °C (10% H,).

Phase II fabrication steps for sample C: (1) e-beam lithog-
raphy: 100 keV electron beam with 400 pA beam current and
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areal dose of 190 uC/cm? on negative e-beam resist NEB.
(2) Nitride/oxide etch: 440 s, CHF;-based 350 W, ICP-RIE.
(3) NEB removal: solvent clean. (4) Depletion gate forma-
tion, polysilicon etch: 170 s, HBr, 300 W ICP-RIE with ex-
posed and developed NEB as etch mask. (5) Preoxidation
clean: 15 min tungsten etch in 60 °C H,0,, 5 min nitride
etch in 165 °C H3PO,, RCA Clean. (6) Thermal oxidation:
24 min thermal oxidation at 900 °C. (7) Secondary oxide
deposition: 200 °C ALD of 60 nm of Al,O5 using trimeth-
ylaluminum and water (H,O) precursor chemistry. (8)
Forming-gas anneal: 30 min at 450 °C (10% H,). (9) Top-
gate metallization: 1000 A Al deposited globally via e-beam
evaporation. (10) Top-gate formation: top-gate patterned and
formed using MIF 319 developer as an Al etchant. (11) ALD
via etch: patterned HF via etch to ohmic and polysilicon
contacts through ALD Al,05. (12) Bonding pad metalliza-
tion: bond pads patterned, 1000 A Al deposited via e-beam
evaporation. (13) Final forming-gas anneal: 30 min at
400 °C (10% H,).

APPENDIX B

C-V measurements were performed on experimentally
simulated gate stacks for this work. Phase I material was not
used because of parasitic capacitances and the high resis-
tance of the substrates, which is problematic for high-
frequency C-V measurements. The starting substrates used in
this study were p-type epitaxial Si on p* substrates. Thermal
gate oxides were grown at 1000 °C and annealed in nitrogen
at 1000 °C for 15 min.

A near midgap interface trap density, D;_,, an average
interface trap density, D;._,,, and Qp, are reported in Table II
for the different cases examined. D;; is reported at the lowest
capacitance (Cy,) during the low-frequency sweep as Dj .
D; ., 1s an average value of D;; between the Fermi level and
weak inversion. The uncertainty of D; for values around
midgap as indicated in the table are dominated by a confi-
dence of ~2 pF in the total capacitance value. The uncer-
tainty for D, is estimated to be 1X 10" cm™2eV~!. The
uncertainty in Qp, arises from an uncertainty in the work-
function difference between the metal and the silicon ohmic
contact, which is dependent on deposition conditions. For
this work, the work-function difference for e-beam deposited
Al was measured to be 4.43 V determined from the flat-band
voltage dependence on oxide thickness and the uncertainty in
that work function leads to a 3.2 10! ¢m? uncertainty in
be_Sl

We note that in the etch experiment some of the oxide was
lost during the polysilicon etch leading to a thinner oxide, as
noted in Table II. The experiment was done for both 35 and
70 nm thicknesses. Within the uncertainty of the measure-
ment, D;, both before the etches and after the etches with a
subsequent forming-gas anneal is indistinguishable for the 70
nm case. Leakage through the thinned 35 nm oxide led to
inaccurate C-V curves for that case. D, , of samples with 15
and 30 nm of ALD Al,O; have a D, of 2.9 10'" and
3.7X10'°, respectively. The increase in Dj, is within the
uncertainty of the measurement and therefore is not consid-
ered meaningful.
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