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Probe and control of the reservoir density of states in single-electron devices
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We present a systematic study of the density of states (DOS) in electron accumulation layers near a Si-SiO,
interface. In the experiments we have employed two conceptually different objects to probe DOS, namely, a
phosphorus donor and a quantum dot, both operating in the single-electron tunneling regime. We demonstrate
how the peaks in reservoir DOS can be moved in the transport window independently of the other device
properties. This method introduces a fast and convenient way of identifying excited states in these emerging

nanostructures.
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The appearance of discrete energy spectra is often re-
garded as a fundamental property of quantum systems. How-
ever, the limit of vanishing energy spacing can be met in
many mesoscopic systems at the interface of the quantum
and classical regimes, meaning that the energy levels can be
treated as a continuum. This gives rise to the concept of
density of states (DOS), the integral of which over an energy
domain yields the number of quantum states in that region.
The DOS concept has been successfully applied in explain-
ing transport, absorption and emission, and quantum statisti-
cal phenomena in such devices.! In particular, DOS is a key
element in the low-temperature behavior of metal-oxide-
semiconductor field-effect transistors (MOSFETs) (Ref. 2)
which constitute the cornerstone of information processing
circuits today. Since device miniaturization has now reached
the point where quantum effects of single atoms can domi-
nate the operation characteristics,>® there is an urgent need
to understand and distinguish continuum DOS effects from
the discrete quantum behavior. In this Rapid Communica-
tion, we present a systematic study of the reservoir DOS in
two gated MOSFET nanostructures with quantum channels
defined by either a quantum dot or the extreme case of a
single donor atom.

In a silicon MOSFET a positive gate voltage is applied to
induce an electron layer directly below the Si-SiO, interface.
Hence, the electron dynamics is essentially limited to two
dimensions, leading ideally to a constant DOS. In a narrow
channel, however, the continuum approximation is only valid
in the longest direction, giving rise to quasi-one-dimensional
(Q1D) DOS with highly nonuniform characteristics, see Fig.
1(a). Conductance modulations attributed to Q1D density of
states were first observed in a parallel configuration of 250
narrow MOSFET channels’ and later in a single channel .31
Since the cumulative conductance through all occupied states
was measured in these experiments, the studies were limited
to rather low electron densities in the channel. The density of
states is also intimately related to ballistic electron transport
through quantum point contacts''~!3 and has been probed
in single carbon nanotubes using scanning tunneling
microscopy. '+

In single-electron transport through discrete quantum
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states,! the current is directly proportional to the reservoir
DOS at a given energy, see Fig. 1. Considerable effort has
been directed toward the study of local density of states of a
reservoir in the vicinity of an impurity atom in a GaAs quan-
tum well.'®~'3 Here, the local DOS was dominated by disor-
der due to impurity scattering, resulting in reproducible but
irregular features in the conductance which behaved in a
complicated way as a function of magnetic field. Thus the
term local DOS fluctuation was introduced. In our case, the
behavior is less complicated, and hence we do not refer to
peaks in DOS as fluctuations.

In gated devices, local DOS effects have also been ob-
served in tunneling through a vertical quantum dot,'® for
which a schematic stability diagram is shown in Fig. 1(b).
Recently, gated quantum dots have attracted great interest
due to their tunability, and lines in the stability diagrams not
attributed to excited states have been observed in various
structures.Z>2* In Refs. 22 and 23, however, these lines were
due to phonon modes and in Ref. 24 due to a background
charge, whereas in Refs. 20 and 21 they were stated to arise
from reservoir DOS but were not studied in detail.

Motivated by the Kane proposal®® for a quantum com-
puter based on shallow donors in silicon,?® there has been
considerable development in electron transport through gated
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FIG. 1. (Color online) (a) Schematics of single-electron tunnel-
ing through a discrete quantum level, up, together with the reser-
voir Fermi levels, u; s, and density of states. (b) Schematic stability
diagram showing conductance through the discrete quantum level
as a function of the source-drain bias and the plunger gate voltage.
The numbered lines of increased conductance arise from the corre-
sponding DOS peaks in panel (a). (c) Zeeman splitting of the res-
ervoir and discrete energy levels in a magnetic field.
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FIG. 2. (Color online) (a) Top view of structure A and (b) struc-
ture B and a schematic cross section of (c) structure A and (d)
structure B in the y=0 plane. The insets show schematic potential
landscapes along x.
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single donors.>¢ In these experiments, conductance lines at-
tributed to reservoir DOS have been observed but, again, not
studied in detail. Indeed, it has not yet been proven that these
features are due to the reservoir DOS. In this Rapid Commu-
nication, we present a systematic study of the reservoir DOS
in two different nanostructures, namely, in a recently intro-
duced double-gated single-donor transistor® (structure A) and
in an emerging multigated silicon quantum dot?’ (structure
B), shown in Fig. 2. In contrast to previous studies, the
double-gated and multigated designs allow us to map conve-
niently the reservoir DOS at a wide range of energies and
electron densities.

The high-purity [001] silicon substrates for both device
structures went through similar fabrication steps to those de-
scribed in detail in Ref. 6. In structure B, however, there are
three layers of metallic gates deposited with no implanted
donors underneath. The working principle of both devices is
that an accumulation layer of electrons is induced directly
below the Si-SiO, interface using the lead gate voltage V.
This layer constitutes the reservoirs for single-electron tun-
neling through a single donor or a quantum dot, the electro-
chemical potentials of which can be tuned by the plunger
gate voltage V. For structure A, the plunger gate works also
as a barrier gate, depleting the reservoirs in the vicinity of the
donor. For structure B, however, we have separate barrier
gates which can be used to tune the coupling of the quantum
dot to the left and right reservoir independently. The electron
densities in the reservoirs can also be controlled indepen-
dently, but for simplicity, we keep them at the same value
here. As the plunger gate voltage is increased, the electro-
chemical potential of the donor or dot, up, shifts down,
eventually entering the source-drain bias window leading to
single-electron tunneling through the device, see Figs. 1(a)
and 1(b).

The sequential tunneling rate is directly proportional to
the reservoir density of states, which leads to a peak in the
source-drain current if wup, is aligned with a peak in the den-
sity of states. Critically in our devices, we can shift the Fermi
levels of the reservoirs with respect to the conduction band
minima by changing the lead gate voltage, Vi, which in turn
moves the DOS peaks with respect to the transport window.
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FIG. 3. (Color online) Conductance of (a) structure A with Vj,
=187 V and B=4 T and (c) structure B with V},,=3.00 V, V},
=0.52 V, V;,=0.68 V, and B=0 T as a function of the source-
drain bias and the plunger gate voltage. The dashed line in panel (a)
represents the trace shown in panel (b) for V4=-2.5 mV as a func-
tion of the lead gate voltage for differential conductance. Panel (d)
corresponds to the dashed trace shown in panel (c) for Avpg
=2.1 mV from the transport window at V4=0. The capacitive cou-
pling of the lead gate to the donor or the dot has been compensated
by the plunger gate, in structure A by finding the Coulomb peak at
V44=0 for each trace and in structure B by a voltage shift ~AV},/80
at the plunger. The resulting average voltage shift for structure A
was —0.04 X AV),.

The effect of the lead gate voltage on up can be compen-
sated by the plunger gate.?® Therefore, if we observe conduc-
tance peaks to shift consistently with V), in the stability dia-
gram, we can identify them to arise from peaks in the
reservoir DOS, clearly distinct from features due to excited
states in the dot or donor which do not move with Vj,. Pre-
viously, DOS peaks have been probed by changing the
temperature'® or magnetic field,”® both of which also have an
impact on the donor or the dot and which are many orders of
magnitude slower than the method presented here. In Ref.
21, gate control of DOS is mentioned but no results are pre-
sented.

The measurements were carried out in *He-*He dilution
refrigerators below 100 mK temperatures. The conductance
was measured using standard lock-in techniques and the di-
rect current was measured from the same signal after low-
pass filtering the modulation arising from the 10-50 wuV
lock-in excitation. For structure B, only the direct current
was recorded and the differential conductance was extracted
numerically.

Figure 3 shows measured stability diagrams for structures
A [panel (a)] and B [panel (d)]. In structure A, the coupling
of the donor to the left reservoir is much weaker than to the
right reservoir, and hence only lines with positive slopes cor-
responding to the left reservoir are visible. This is justified
by the sequential tunneling model, in which the current
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through the device in the 0-1 electron transition is given by
I=2el I/ 2L+ Tgy), where T'jpon is the in- or out-
tunneling rate. Thus the current is determined by the small
rate, independent of whether it corresponds to in or out tun-
neling.

The stability diagrams shown in Figs. 3(a) and 3(c) do not
provide enough information to distinguish whether a specific
conductance feature is due to the reservoir DOS or an inter-
nal excited state. However, the lead-gate-compensated traces
shown in Figs. 3(b) and 3(d) reveal the origin of the conduc-
tance peaks. Most of the peaks move uniformly with the lead
gate voltage and hence correspond to the reservoir DOS. The
fact that there are many unequally spaced peaks which all
have the same response to the top gate rule out the possibility
that they arise from a coupling to a background harmonic
oscillator?>? or charges.”* However, Figs. 3(b) and 3(d)
shows features that do not move with V)., appearing as ver-
tical lines. The line 0.4 meV above the ground state in Fig.
3(b) is the excited spin state of the neutral donor orbital
ground state in a magnetic field B=4 T. The field is applied
in-plane with the induced electron layer throughout this
work, see Fig. 1(b). Similarly, the vertical lines in Fig. 3(d)
are attributed to excited states of the dot.

We concentrate on structure A below since a more de-
tailed study of structure B is given elsewhere.?’ Furthermore,
our emphasis is on the features due to the reservoirs. An
in-depth study of the device properties and capacitance mod-
eling of structure A is given in Ref. 6.

We have modeled the single-donor device using technol-
ogy computer-aided design (TCAD) (Ref. 30) taking into
account the full three-dimensional geometry of the
system. The TCAD model yields Ep—E =(27.3 X \V,,/[V]
—8.6) meV, where E is the Fermi level and E, is the con-
duction band minimum in the leads. By matching A(Ey
—E.)/AV), from this equation with the observation A(Ep
-E.)/AV,=(11.3%1.5) meV/V [from Figs. 3(a) and 3(b)],
we obtain Ex—E.=(25+5) meV and V},=(1.5+0.4) V in
agreement with the expected values.

Let us briefly discuss whether the observed reservoir DOS
is QID. The Q1D DOS arises in a system which is infinite
only in one direction, here chosen as the x direction. For a
noninteracting electron gas, the Q1D DOS is given by the
sum of the 1D subbands Dy(E-E, )=\2m,/(7Th\E-E,,),
(E>E,,), over the discrete energy spectrum {E, } in the y
and z directions. Here, the peak spacing in the source-drain
current (see Fig. 1) corresponds to the energy spacing in
{E, .} in the given energy window. The observed peak spac-
ing in Fig. 3(a) is (0.33+0.03) meV around Ep—E.
=(25%5) meV obtained from the TCAD model. An agree-
ment with these values can be obtained in the noninteracting
electron gas approximation by taking the single-particle po-
tential to be a triangular well V,(z)=eF|z|/©(-z) in the z
direction (® is the Heaviside step function), an infinite W
=70 nm box potential in the y direction, and a semi-infinite
box potential in the x direction. Here, we used the electric
field in the vicinity of the Si-SiO, interface due to the lead
gate, F, as a fitting parameter, and obtained F=3 MV/m
after taking into account the splitting of the sixfold valley
degeneracy in silicon due to the different effective masses
and valley-orbit coupling. However, the value expected for
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the electric field is F~10 MV/m. This disagreement is
likely to be due to the fact that the model does not include
the full details of the trapping potential such as disorder or
the electric field induced by the accumulation layer, i.e., in-
teractions between the electrons. Thus a deeper theoretical
analysis is required that is out of the scope of this Rapid
Communication. Furthermore, we note that the Q1D DOS
model used above predicts very asymmetric peaks and nega-
tive differential conductance [see Fig. 1(a)]. This asymmetry
is not visible in Fig. 3, partly due to peak broadening, but
negative differential conductance is clearly observable in
Fig. 3.

Figure 1(c) shows a schematic diagram of how the DOS
peaks behave in magnetic field B=By. The Zeeman effect
shifts the kinetic energy at the Fermi level (Ep—E,) for the
spin-down electrons up by g;upB/2, and vice versa for
spin-up electrons. Here, g; is the electron g factor in the
reservoirs and ug=efi/(2mg). Thus the effect of this term is
to shift and split the DOS peaks. However, if the electron g
factor for the donor or dot, g, is almost the same as g;, this
compensates for the splitting and results only in a down-
wards shift of the DOS peaks by g; upB/2 with respect to the
transport window. Thus the shift of the DOS peaks for g
=g, is expected to be half of what is observed for the Zee-
man splitting of the spin degenerate orbital states. In our
case, the DOS peaks simply shift and do not split in mag-
netic field, as demonstrated in Fig. 4, which implies gp
~g,~2 consistent with previous measurements.>! In con-
trast, Zeeman splitting of DOS peaks has been observed in
tunneling through a Si shallow donor in a GaAs/AlAs/GaAs
junction.?’
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FIG. 4. (Color online) [(a)—(c)] Stability diagrams of structure A

in magnetic fields ranging from 1 to 6 T. The spin excited state [L6

in panel (a)] is marked with a white and blue arrow, and the DOS

lines are labeled with green arrows. (d) Shift of the conductance

lines in magnetic field. Data for each line is offset in energy for

clarity. The dashed lines show a slope 2up for L6 and up for the
other data.
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Figure 4(d) shows the energy shift SE of the conductance
peaks with respect to the transport window as a function of
magnetic field. We observe that within the estimated error,
the shift of the DOS peaks and the spin excited state is in
agreement with 6E=ugB and SE=2ugzB, respectively. Thus
our observations can be explained by the Zeeman effect
alone, and they support the interpretation that the conduc-
tance peaks which move with the lead gate voltage in Fig. 3
are due to the reservoir DOS.

In conclusion, we have reported detailed studies of the
reservoir DOS in nanostructures through gate control of the
reservoir electron density. The theoretical models employed
are in agreement with the interpretation that the observed
conductance features arise from the reservoir DOS but the
exact origin of the DOS peaks remains to be proven. Mag-
netic field spectroscopy of the DOS peaks revealed behavior
consistent with energy shifts due to the Zeeman effect alone.
Both the single-donor and the quantum dot devices studied
exhibited similar conductance patterns arising from the res-
ervoir DOS. Our findings not only confirm the interpretation
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that additional conductance lines observed previously in
transport through single donors® are due to reservoir states™>
but also demonstrate that these states can be controlled and
studied in a quantitative manner.

Note added. We would like to note that in Ref. 27 the
observations of the dependence of the shift of the DOS lines
as a function of the lead gate voltage and magnetic field are
also reported.
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