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ABSTRACT: Quantum states can provide means to systematically
manipulate the transport of electrons. Here we present electron
transport across quasi-bound states of two heterogeneous quantum
wells (QWs), where the transport of thermally excited electrons is
blocked or enabled depending on the relative positions of the two
quasi-bound states, with an abrupt current onset occurring when
the two QW states align. The QW switch comprises a source (Cr),
QW1 (Cr,0;), QW2 (SnO,, x < 2), a tunneling barrier (SiO,),
and a drain (Si), where the effective electron mass of QW1
(m*qw1) is selected to be larger than QW2 (m*qy,). The
current—voltage (I—V) measurements of the fabricated devices
show abrupt current onsets, with the current transition occurring
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within 0.25 mV, corresponding to an effective electron temperature of 0.8 K at room temperature. Since transistor power
consumption is fundamentally tied to effective electron temperature, this sub-1K cold-electron QW switching holds promise for

highly energy-efficient computing.

KEYWORDS: electron tunneling, Fermi—Dirac thermal smearing, cold-electron transport, transverse momentum conservation,

electron energy filtering, energy-efficient computing

In electron systems at room temperature, the thermally
excited hot electrons in the tail of the Fermi—Dirac
distribution often lead to undesirable effects. For example,
they can nullify Coulomb blockade in single-electron trans-
port' ™ and are responsible for the OFF-state leakage current
in metal-oxide-semiconductor field-effect transistors (MOS-
FETs).°”>” To mitigate these issues, a quantum state can be
exploited as a spectral filter that enables electron transport only
at specific energies, thereby blocking the transport of thermally
excited hot electrons.”*™>* This strategy allows the cold
transport of electrons in which the Fermi—Dirac thermal
smearing is suppressed, thus lowering the effective electron
temperature substantially below the reservoir temperature.
Quantum-state-mediated cold-electron transport has been
experimentally demonstrated utilizing a single quantum state as
an electron energy filter.”*>%*>*° For example, a quantum dot
(QD) created from the gate-confined 2-dimensional electron
gas (2DEG) of a GaAs/AlGaAs layer was able to inject 0.03 K
cold electrons to an adjacent QD at a reservoir temperature of
0.1 K>**7% It was also demonstrated that a single QW state
created in a ~2 nm Cr,0; layer can act as an electron energy
filter, resulting in the injection of 45 K cold electrons to a CdSe
QD or a gold nanoparticle at room temperature.’”*® Although
these studies demonstrate the effectiveness of quantum states
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in manipulating the effective temperature of electrons involved
in charge transport, significant improvements are required to
realize electron transport with an effective electron temper-
ature much closer to zero Kelvin (e.g, below 1 K) at room
temperature.

In this work, we demonstrate that the combination of
quantum states from two heterogeneous QWs can efficiently
filter electron transport, ultimately suppressing thermal
smearing down to an effective electron temperature of 0.8 K
at room temperature. The two heterogeneous QWs are
selected to have different effective electron masses, with the
effective electron mass of QW1 (m*qgy,;) being much larger
than QW2 (m*qy,). We observe that these heterogeneous
QWs eftectively block electron transport before alignment of
the field-induced quasi-bound states of QW1 and QW2,

resulting in dramatic reductions of thermal smearing. When
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Figure 1. QW switching concept, device structure and fabrication. Schematics in (a)-(c) are not to scale. (a) An energy diagram (simplified) for
QW switching. (b) A schematic of the device structure. (c) Fabrication procedure. (i) 1st photomask step. (ii) 2nd photomask step. (iii) 3rd
photomask step. (d) A photograph of the fabricated devices. (e) SEM image of the fabricated devices. (f) Representative HRTEM images of the
film stack. (i) Plan view of the QW2 (SnO,) layer. Crystalline nanoparticles embedded in the SnO, layer are indicated by arrows. (ii) Cross-

sectional view.

the heterogeneous double QWs are placed between source and
drain electrodes, they act as a switch (i.e., blocking/enabling
electron transport), particularly enabling an abrupt current
onset without thermal smearing. This cold-electron QW
switching is demonstrated with devices fabricated using high-
yield CMOS-compatible processes.

The energy diagram in Figure la displays the concept of
QW switching. The quasi-bound states of QW1 and QW2
(represented by Eqy, and Eqyy,) are formed in two adjacent
triangular QWs when voltage V, is applied to the drain (with
the source grounde:d).31’32 Electrons in the source transfer
through these heterogeneous QW states to reach the drain.
When Eqy; < Eqwy, electron transport from QW1 to QW2 is
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Figure 2. Electrical characteristics of the QW switching devices. All measurements were performed at room temperature. V,: A voltage bias applied
to the drain with the source grounded. (a) Representative I-V characteristics of the fabricated devices. V,;, and V5 are defined in (iii). (b-c) V_; and

Vi from 49 devices in a 7 X 7 device array, respectively. Vi ¢orwara and Vo

rit-reverse*

Vi for forward sweep and reverse sweep, respectively. (d) I-V

characteristics measured around V., at voltage resolution of 0.25 mV. (e) dI/dV characteristics numerically obtained from the I-V in (d).

blocked. When Eqy; = Equy, electron transport is allowed, and
continually enabled as Eqw; > Eqw As we will now
demonstrate experimentally, the blocking of electron transport
when Eqyy; < Eqw, in our structure eliminates contributions of
hot electrons in the source and leads to an abrupt current onset
when Eqw; and Eqy, align, resulting in cold-electron QW
switching at room temperature.

Figure 1b displays a schematic of the device structure that
produces the energy configuration in Figure la. The device
components are arranged in a vertical configuration (along the
z direction). The devices were fabricated on a Si substrate (p-
type Si (100); Boron doped at a concentration of ~1.0 X 10"
[1/cm®]; Sheet resistance: 1—-25 Q-cm) using CMOS-
compatible processes that involved three photomask steps
(see Supporting Information B). Figure lc outlines the
fabrication flow, which starts with a Si wafer on which 250
nm thick SiO, is thermally grown. Using the first photomask,
windows are created inside the thermally grown SiO,, exposing
the Si substrate underneath, Figure 1c(i). The patterned wafer
is then exposed to air (inside the class 1000 cleanroom) for
more than 1 day to grow a native SiO, layer (~2 nm) on the
exposed Si areas. This native oxide layer is used as the
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tunneling barrier in Figures la-1b. The drain contact areas are
defined using the second photomask, followed by 200 nm thick
Al deposition, Figure 1c(ii). Then, the source contact areas are
defined using the third photomask, and film stacks (50 nm Cr/
1.5 nm Cr,05/0.6 nm Cr/4 nm SnO,) are deposited on those
areas, Figure 1c(iii). Finally, the wafer is annealed at 490 °C for
S min to reduce SnO, to SnO, (see Supporting Information A
and C).

Figures 1d and le show a photograph and a scanning
electron microscopy (SEM) image of the fabricated devices,
respectively. Figures 1f(i)-(ii) display representative HRTEM
images (plan view and cross-sectional view) of the film stacks
(see schematics of the microstructures in Figure SS). The plan
view (Figure 1f(i)) shows an amorphous SnO, layer with
dispersed nanoparticles (NPs) having different sizes and
compositions (Sn, Sn,0s, and Sn;O,) (see also Supporting
Information C). We note that these nanoparticles are unlikely
to be responsible for the QW switching characteristics to be
presented below (Figure 2) because many nanoparticles with
different sizes and compositions would have different
electronic structures that would not lead to a single abrupt
current jump if multiple nanoparticles were involved in charge
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Figure 3. Modeling of cold-electron QW switching. (a) Calculated electron potential energy diagrams (only the conduction band edges E are
shown), the eigenenergies of the quasi-bound states of QW1 and QW2 (Eqy; and Eqyy,), and their wave functions at different applied voltages
((i)-(iv)). (b) Plot of Eqy; and Eqy, (green squares and red triangles, respectively) as a function of V,. Ec qw; (left): Conduction band edge of
QW1 at the source (Cr)/QWI1 (Cr,0;) interface. Ec qw; (right): Conduction band edge of QW1 at the QW1 (Cr,0;)/QW2 (SnO,) interface.
Ec qws (left): Conduction band edge of QW2 at the QW1 (Cr,03)/QW?2 (SnO,) interface. E¢ gy, (right): Conduction band edge of QW2 at the
QW2 (SnO,)/TB (SiO,) interface. Vi: the V, at which the Eg intersects with the Eqy;. Vo the V, at which Eqyy, intersects with Eqyy,. (c)
Calculated J-V characteristics for the source-QW1 (3D-2D) tunneling at different temperatures. (d) Calculated J-V characteristics (red line) with
the QW switch inserted between the source and drain at room temperature. QW switch blocks electron tunneling when V, < V. (e) Comparison
of the J-V curves between the experiment (green) and the calculation (red). The experimental J-V is from Figure 2a(i)).

transport. Furthermore, the magnitude of the measured current
jump is in the milliampere range, which could not be
accommodated by a single nanoparticle without physical
damage.37’38 These nanoparticles, however, can contribute to
background currents.

The electrical characterization of the fabricated devices was
carried out using current—voltage (I-V) measurements at room
temperature. Figure 2a displays three representative I-V
characteristics (see also Supporting Information D). Each
shows an abrupt current jump at V, = ~2.4 V, with the
amount of current jump exceeding 1 mA. These I-V
measurements were performed with cyclic voltage sweeps
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(forward voltage sweep from 0 to 3.5 V, followed by reverse
sweep from 3.5 to 0 V) with minimal hysteresis. After the
current jump at V, = ~2.4 V, the current increases linearly
with increasing V. This linear relationship originates from 3D-
2D tunneling, from the source (3D) to the QW1 (2D)
(Supporting Information G and H). Extrapolations of the
linear I-V to the horizontal V, axis show consistent values of
~2.0 V, which we define as Vi (Figure 2a(iii)). In the later
section below, we show that at V, = V5 the Fermi level of the
source (Eg) aligns with the Eqyy, of QWI.

Supporting Information D shows all I-V characteristics from
a single batch (a total of 49 devices in a 7 X 7 device array).

https://doi.org/10.1021/acs.nanolett.4c03348
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The yield for this batch is 100% (meaning that all devices
produced the abrupt current jump at V_; = ~2.4 V). Figure 2b
shows the measured V_; values from all 49 devices,
demonstrating the consistency of the I-V characteristics. The
Vi values for the forward sweep (Vi fomara) 2nd the reverse
sweep (Veiereverse) are displayed as pink diamonds and green
squares, respectively. Vi forward a0d Vi reverse are measured to
be 2.43 £ 0.11 (V) and 2.41 + 0.07 (V), respectively, showing
minimal hysteresis and device-to-device variation (see also
Supporting Information J). Figure 2¢ displays Vi from all 49
devices, also showing minimal device-to-device variation.

The degree of abruptness in the current jump at V, is a
measure of how effectively the Fermi—Dirac thermal smearing
is eliminated. The abrupt current jumps shown in Figure 2a
were further examined by carrying out I-V measurements at a
higher voltage resolution, 0.25 mV, around V. A
representative I-V curve is shown in Figure 2d, which shows
a current jump contained within the 0.25 mV resolution at Vg
(see also Figure S9). The corresponding differential con-
ductance dI/dV (numerically obtained from the I-V in Figure
2d) is shown in Figure 2e. We find that the width of the
differential conductance peak at V_; is extremely narrow, with
the full width at half-maximum (fwhm) at the voltage
resolution limit of 0.25 mV (ie, 0.25 meV in energy units).
For normal electron tunneling that occurs under Fermi—Dirac
thermal smearing, the temperature dependence of the dI/dV
fwhm has a linear relationship:*>*”

fwhm = k;T[In(3 + 2+/2) — In(3 — 2/2)] = 3.53k,T
(1)

where kg is the Boltzmann constant and T is the absolute
temperature. From eq 1, the measured fwhm of 0.25 mV in
Figure 2e and Figure S9 corresponds to an effective electron
temperature of 0.8 K. Because there are voltage divisions across
the device components (QW1, QW2, SiO,, and Si), the
extracted value of 0.8 K is an upper bound of the effective
electron temperature. We also want to note that the fwhm of
0.25 mV was limited by the voltage resolution of 0.25 mV of
our instrument (Agilent ES287A). Measurement with a higher
voltage resolution could lead to fwhm’s smaller than 0.25 mV,
therefore an effective electron temperature lower than 0.8 K.
We numerically calculated the energies of the quasi-bound
states of QW1 and QW2 (Eqy,; and Eqyy,) as a function of V.
In brief (details in Supporting Information F), we first solved
the 1-D (along the z direction in Figure 1a) Poisson equation
and charge transport equations for a given applied voltage V.
A p-type Si with a dopant concentration of 1.0 X 10'° [1/cm?]
was used for the drain (other materials parameters in
Supporting Information F). The solution of the coupled
Poisson equation and charge transport equations (eqs (F1) -
(F6) in the Supporting Information F) provides the electrical
potential V(z), electron density n(z), hole density p(z),
conduction band edges E.(z), and valence band edges Ey(z).
With the electron potential energies (Ec(z) and Ey(z))
obtained for a specific V,, we numerically solved the
Schrodinger equation, which provided the Eqy,; and Equw,
for the QW1 and QW?2, respectively. Assuming a sequential
transport from the source to QW1 (T1), from QW1 to QW2
(T2), and from QW2 to the drain (T3), a proper alignment of
Eqw1 and Eqyy, is a necessary (but not sufficient) condition to
observe a current onset. Transport rates across the states of the
device components (source, QW1, QW2, and drain) were

evaluated, providing numerically calculated I-V characteristics
(calculation details in Supporting Information F, G, and H).

Figures 3a(i-iv) show calculated electron potential energies
(conduction band edges Ec(z)’s are shown), as well as the
resulting QW energies (Eqy, and Egy,) and their wave
functions at different V,. Figure 3a(i) shows the electron
potential energies at V, = 0, at which no QW states are formed.
As V, increases, band bending in the QW1 and QW2 layers
increases, resulting in formation of triangular QWs and their
quasi-bound states. Figures 3a(ii)-(iv) show the corresponding
quasi-bound states of QW1 and QW2 at V, = 1.1, 1.8, and 2.45
V (= Vi), respectively. Figure 3b shows the positions of Eqyy,
and Eqy, at different V,. We see that Eqy, (red triangles and
line) decreases faster than Eqyy, (green squares and line) as V,
increases. Both energy level lines intersect at the critical voltage
Veie = 245 V, where both energy levels Eqy; and Eqy, align.
The calculated value of Vi (245 V) agrees well with the
measured value of 2.42 V (the average value in Figure 2b).

Figure 2a and Figure S8 show that there is a linear I-V
relationship when V, > V. This linear relationship originates
from the rate-limiting T1 tunneling (3D-2D tunneling; from
Cr (3D) to Cr,0;5 (2D)) for the current devices (Supporting
Information G and H). Evaluating the 3D-2D tunneling,40 we
obtained analytical current density—voltage (J-V) character-
istics, eq (H14) in the Supporting Information H. Figure 3c
shows calculated J-V plots at different temperatures obtained
from eq (H14). At 0.1 K (blue line), the current density
increases linearly with V, after 1.8 V, which corresponds to the
Vg in Figure 3b where the Fermi level of Cr (source), Ep, aligns
with the QW1 energy level Eqyy, of the Cr,O5 layer. This value
is in good agreement with the experimentally measured value
of Vi = 2.03 + 0.04 (V) (Figures 2a, 2¢, and S8). For higher
temperatures, 150 and 298 K, Fermi—Dirac thermal smearing
is apparent around Vi (1.8 V), but the linear relationships are
maintained when V, becomes larger, Figure 3c (green and red
lines).

The experimental I-V characteristics in Figures 2a and S8
show that the electron transport is blocked when V, < V4.
This voltage regime V, < V;, corresponds to the energy regime
Eqwi < Eqw, (Figure 3b) for the QW1 to QW2 transport
(T2), meaning that the T2 transport is blocked when V, < Vi
(equivalently, when Eqy; < Eqw,). Likewise, T2 is enabled
when V, > Vi (Eqwi > Eqwa)- This T2 behavior can be
empirically expressed by a Heaviside function centered at V,
but with a finite transition width of 0.25 mV. Incorporation of
this empirical Heaviside-like function to the eq (H14)
produces the J-V characteristics in Figure 3d (red line),
where the transport of thermally excited electrons (yellow line
in Figure 3d) is blocked when V, < V_, resulting in the cold
transport at room temperature. (Here we note that this cold
transport should also occur at other temperatures since
regardless of the degree of the thermal smearing at different
temperatures, electron transport will be blocked anyway when
V, < V4 see also Supporting Information K) We want to
emphasize that the calculated J-V (red line in Figure 3d) was
obtained without any parameter fitting: 1) the T1 transport
was analytically obtained (eq (H14)), 2) the blocking of T2
when V, < V_; and enabling it when V, > V_; were deduced
directly from the experimental I-Vs (Figures 2a and S8), and 3)
the calculated V_; was obtained without any parameter fitting
(Figure 3b and Supporting Information F). The calculated J-V/
quantitatively reproduces the full experimental J-V character-
istics at 298 K, Figure 3e.
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Figure 4. Schematic for the role of heterogeneity of effective electron masses and E-k relationships on electron tunneling. (a) E-k diagrams for
different positions of Eqy; and Eqyy. ky is the transverse wave vector perpendicular to z direction. (i) Eqy; < Eqw,- No state satisfies both energy
and transverse momentum conservation rules. (i) Eqw; = Eqw,. The states at the bottom of QW1 and QW2 sublevels satisfy both conservation
rules (indicated by green arrow). (iii) Eqw, > Eqw,- The states indicated by the green arrows satisfy both conservation rules. (b) E-k diagrams of
QW switching. The heterogeneous double QW switch is positioned between the source (metal, 3D) and drain (semiconductor, 3D). Eg: Fermi
energy of the source. Ec: Conduction band edge of the drain. The dotted E-k’s for the 3D source and the 3D drain represent the z component

2
electron kinetic energies, E, = sz*kzz . (m*: effective electron mass; #: reduced Planck constant; k,: wave vector in the z direction (perpendicular to
the QW planes)). (i)-(iii) E-k diagrams for Eqw; < Eqwa Eqwi = Eqwy and Equwy > Equy, respectively. V,: Applied voltage to the drain with source
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Figure 4. continued

grounded. The QW switch blocks electron transport for (i) but enables electrons transport for (i) and (iii). The shadow around the source Fermi
energy Ep schematically represents Fermi—Dirac thermal smearing. (c) Schematic for the energy and transverse momentum conservations for the
T1, T2, and T3 tunneling of the current devices (see also Figures S10 and S11). For each of T1, T2, and T3, tunneling involves electronic states
that are located at the same momentum (k) space. Red dots represent the states that satisfy both energy and transverse momentum conservations.
Left (T1): the tunneling occurs from the I" band of Cr to the I' band of Cr,O; (QW1). Center (T2): the tunneling occurs from the I' band of
Cr,0; (QW1) to the I" band of SnO, (QW2). Right (T3): the tunneling occurs from the I band of SnO,, (QW2) to the projected center region of

the X valley of Si (100) that contains E” = (k,, ky) = (0, 0).

We note that the absence of translational symmetry in the
near-amorphous Cr,O; and SnO, layers, as well as the
inhomogeneities in the layers should result in a finite transition
width in the current onset at V. Quantitative understanding
of the observed transition width, 0.25 mV (Figures 2a, 2d-2e,
$8—59), would require comprehensive microscopic modeling,
which is beyond the scope of the current study. Nevertheless,
independent of the microscopic mechanism at play at the
current onset, the experimental data allows us to obtain the
necessary condition that is required to produce the switching,
ie., the blocking of electron tunneling when V, < V_; and
enabling electron tunneling when V, > V_,, which we discuss
below.

We find the heterogeneity of the two QW materials plays the
central role in the observed switching. Specifically, the effective
electron mass of QW1 material needs to be larger than QW2
(m*quy > m* qu,); for the current devices, m* 05 = 1.84m,
and m*g, o, = 0.35m,,*' ~** where m, is the electron rest mass.
This can be understood from the heterogeneity of E-k
relationships (due to m*qy, > m*qy,), assuming that both
energy and transverse momentum conservations hold for the
tunneling between QW1 and QW2, Figure 4109579 At low
voltages V, < V, where Eqy, < Eqw, (Figure 4a(i)), no
transport mechanism satisfying both energy and transverse
momentum conservation is available until V, ~ V_;, whereas if
V, is at Vg, or larger (V, > Vi Eqwi = Eqw,) tunneling can
occur that satisfies both conservation rules (green arrows in
Figures 4a(ii)-(iii)). Figure 4b shows energy diagrams when
the QW switch in Figure 4a is inserted between the source and
drain. The electron transport is blocked when V, < V_; (Equ:
< Eqwn), Figure 4b(i), and it is enabled when V, > V. (Eqw:
> Eqw,), Figures 4b(ii)-(iii). We note that if the necessary
condition m*qy; > m*qy, is not met, then QW switching will
not occur. If the same materials are used for QW1 and QW2
(ie, m*qw = m*qy,; Note: In this case, a tunneling barrier
needs to be inserted between the QW1 and QW2 as otherwise,
separate QW states (Eqy; and Eqy,) will not form), then
resonance behavior will occur with negative differential
conductance (NDC)***° (reaches a peak in current when
two subbands align, but results in NDC when they deviate
from the alignment). If m*qy, < m*qy,, the blocking of
electron transport at low voltage biases (where Eqyy < Eqws)
will not occur since tunneling paths always exist that satisfy
both energy and transverse momentum conservation.

We note that for the transverse momentum conservation to
hold the electronic states involved in the tunneling should be
located in the same momentum space. For the devices in the
current study, each of the T1, T2, and T3 tunneling satisfies
that requirement (details in Supporting Information G and I).
The momentum spaces for the materials used in this study (Cr,
Cr,0;, SnO,, and Si(100)) are shown in the E-k diagrams in
Figure S11. For the current devices, the T1 tunneling (left in
Figure 4c and Figure S10a) occurs from the I" band of Cr to

the " band of Cr,0O; (see the red arrows in Figures S11a and
S11b). For the T2 (center in Figures 4c and Figure S10b), the
tunneling occurs from the I" band of Cr,0; to the I' band of
SnO, (see the red arrows in Figures S11b-S11d). For the T3
(right in Figure 4c and Figure S10c), the tunneling occurs from
the I' band of SnO, to the projected center region of the X

valley of Si (100) that contains E” = (ky k) = (0, 0) (see the

red arrows in Figures S11c-Slle).

In classical electrostatic switching, such as in field-effect
transistors, electron transport is controlled by increasing or
decreasing the energy barrier between the source and the
drain. This switching, however, is subject to intrinsic thermal
broadening due to the hot electrons in the Fermi—Dirac
distribution tail %~ b!131#16723,25,26,5156 qf 4 gating structure
is implemented with the cold-electron QW switches, then
transistors can likely be fabricated that are not subject to
thermal broadening (i.e., enabling an abrupt current onset).
With the 0.8 K effective electron temperature demonstrated,
the subthreshold slope (SS) of a transistor could in principle
reach as low as 0.16 mV/decade at room temperature (SS =
(ksT/q) In10 = 0.16 mV/decade; ky = 8.62 X 1075 [eV/K], T
= 0.8 K, g: electron charge).10’17’25’52’55’57759 Further effort to
build transistors utilizing the cold-electron QW switching
(along with making V, low (e.g, < 0.1 V) by adjusting the
alignment of Eqy,; and Eqgy,) would thus be an attractive
direction toward realizing energy-efficient integrated circuits.

In summary, we investigated QW switching in which two
heterogeneous QWs are used to block or enable electron
tunneling, effectively suppressing the Fermi—Dirac thermal
smearing in electron transport. The room-temperature I-V
characteristics of the fabricated devices show abrupt current
jumps (switching) at the critical applied voltage V, = V,
where the amount of current jump exceeds 1 mA. The abrupt
current jump leads to an extremely narrow peak width in the
differential conductance (dI/dV) plot, with a peak fwhm of
only 0.25 mV, which corresponds to an effective electron
temperature of 0.8 K at room temperature. The experimental
findings are well explained by a model in which the
heterogeneity of the two QW materials having different E-k
characteristics (m*qy; > m*qw,) blocks electron tunneling
when Eqy; < Eqyy, and enables electron tunneling when Eqyy,
> Eqws- The observed sub-1K cold-electron switching at room
temperature, along with the compatibility of this scheme with
CMOS fabrication, has far-reaching potential for energy-
efficient transistors and related applications.
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