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Wave scattering by a potential step is a ubiquitous concept. Thus, it is surprising
that theoretical treatments of ballistic transport in nanoscale devices, from quantum
point contacts to ballistic transistors, assume no reflection even when the potential
step is encountered upon exiting the device. Experiments so far seem to support
this even if it is not clear why. Here we report clear evidence of coherent reflection
when electron wave exits the channel of a nanoscale transistor and when the electron
energy is low. The observed behavior is well described by a simple rectangular
potential barrier model which the Schrodinger’s equation can be solved exactly. We
can explain why reflection is not observed in most situations but cannot be ignored in
some important situations. Our experiment also represents a direct measurement of
electron injection velocity - a critical quantity in nanoscale transistors that is widely
considered not measurable. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4954083]

One of the celebrated advancements in solid-state physics in the last 40 years is the quantized
conductance and the minimum resistance in perfect conductors.'”'® This minimum resistance is
caused by the partial reflection of incoming electron flux at the entrance of the channel.'* Conse-
quently, the conductance per mode (quantum state) is independent of channel length as long as it
remains ballistic.'"'> For this to be true electrons exiting the channel must suffer no reflection.'*
Otherwise, a resonance that modulates the conductance will occur. This reflectionless assumption is
ubiquitous in models that describe ballistic and quasi-ballistic transport in nanoscale devices.' 7

Experimentally, resonance due to reflection has not been observed in nanoscale devices, even
in devices where the potential change is relatively sharp.'®!” While reflection can be negligible if
potential change is gradual, it was predicted that even for abrupt potentials, resonance can only be
observed when the channel length is equal or larger than the channel width at temperatures well
below liquid helium.'*

Models that describe transport in nano-scale Metal-Oxide-Semiconductor Field-Effect Tran-
sistors (MOSFETs)'” also posit that only electron scattering at the source-side (entrance) of the
channel is important.

On the other hand, exiting from a highly constricted region to a less constricted region was pre-
dicted to cause reflection when the electron energy is small'>?” because a small potential step results
from the change in quantum confinement. Since a MOSFET uses a potential barrier to modulate
conduction, the potential step is much larger. If coherent reflection at the end of the channel exists, a
nanoscale MOSFET is where it may be found.
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We note that even though the question of reflection for ballistic transport is intimately related
to the quantized conductance phenomenon, quantized conductance is not a prerequisite experi-
mentally to address the question. Indeed, failure to observe interference in quantized conductance
experiments so far strongly indicates a different approach is needed.

Here we present experimental evidence of strong drain-side reflection upon exiting a 2-D
ballistic channel, leading to self-interference of the de Broglie waves of the electrons. The exper-
imental condition is such that sub-bands due to lateral confinement (300 nm) are washed out
(unresolved) while sub-bands due to vertical confinement (~2 nm) are well resolved. The experi-
mental data are restricted to within the first sub-band of the vertical confinement. This combination
removed the conductance modulation resulting from crossing sub-bands, allowing the interpretation
of the observed current modulations (fig. 1(c)) to be focused on reflection.

Scattering can be a source of reflection. Defects in the contact beyond the channel can cause
reflections in 1-D devices?"">> but the width of our 2-D device and the strength of the interference
make it unlikely. So we assume the reflection is from the drain end of the channel and treat the
self-interference of the de Broglie wave of the electron with a simple classical model. Comparing
the extracted injection energy, along with the observed modulation depth to the solutions of the
Schrodinger’s equation for a one dimensional rectangular barrier, we found very good agreement
to the physical parameters of the transistor, providing strong support for the drain end reflection
assumption. The success of such a simple text book level model allows an intuitive discussion of
why reflection is so hard to observe in ballistic transport.

Incidentally, this represents a direct measurement of the injection velocity of the electron
coming into the channel - a task commonly thought impossible.?* Unexpectedly, the injection en-
ergy is found to be much higher than the thermal energy that is commonly assumed in transport
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FIG. 1. a, Ip-Vg characteristics of the MOSFET at 4.2 K. b, Ip-Vp characteristics of the same MOSFET at 4.2 K, for
several sub-threshold gate bias, V. ¢, The change in drain current, I, normalized to the background current as a function
of drain voltage, Vp, for various Vg. d, The cross-section of a MOSFET and the potential barrier between the source and
drain regions (broken red line). The arrow indicates the propagation, incidence and reflection, of electron de Broglie waves.
The wave as depicted is at destructive resonance. (The potential barrier and de Broglie wave are not drawn to scale.)
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The transistor used in this work has larger width (300 nm) than length (40 nm physical; 7 nm
effective). The potential transition region at source or drain is roughly 20 nm for this device. At
liquid helium temperature and low drain bias, this is comparable to the de Broglie wavelength
which ranges from 52 nm (0.36 meV) to 10 nm (10 meV). According to some theory, no resonance
should be observed.'* Classical wave theory, on the other hand, predicts significant reflection if
the step height is large. Consider a step height of >100 meV (as shown later), the transition is
>5 meV/nm — a steep transition for 10 meV particle wave with 10 nm wavelength.

For the quantum interference experiment, a few conditions must be met. First, the channel
length must be short enough to ensure ballistic transport. Second, the electrons must have a tight
energy distribution to avoid smearing the interference. Third, the device must be free from phase
interrupting scattering. This last requirement is very difficult to meet with research devices. Even for
our production quality (40 nm technology node) MOSFETs very few devices satisfy these condi-
tions. Upon surveying many devices, we found one that shows clean and strong interference and is
reported here. After a complete set of data is collected, this device was subjected to an electrical
stress that is designed to create defects at the gate oxide interface. As expected, the interference was
destroyed, presumably due to defect scattering.

At 4.2 K, the energy spread of electrons, kg7, is 0.36 meV and phonon scattering is greatly
suppressed. The energy spread of the electrons is large enough that sub-bands due to lateral confine-
ment of the channel («1 meV) are not resolved and narrow enough that the sub-bands due to
vertical confinement (~100 meV) are fully resolved. As long as we keep the energies within the first
sub-band of vertical confinement, we can rule out the observed modulation of current as a result of
crossing sub-bands.>*

Figure 1(a) shows the drain current characteristic of our transistor as a function of gate bias at
4.2 K. The modulation above threshold is well-known — a result of crossing sub-bands produced by
vertical field quantum confinement.?> The first peak at 0.33 V gate bias has a resistance of 33 kQ.
For ballistic transport involving many states in the first sub-band, the channel resistance should be
much less than 12.9 kQ - the ideal value for single state ballistic transport. This means the series
resistance of the source and drain is greater than 10 kQ each, a reasonable value at such low gate
bias.?® As gate bias drops below threshold, the channel is still ballistic, but the injection electron flux
drops rapidly, leading to a rapid decrease in current.

Figure 1(b) shows the drain current at 4.2 K as a function of drain bias for a few gate voltages
below threshold. A clear drain current modulation is evident. We note that our current level is so
low that Joule heating is negligible. The observed current is a superposition of the modulation and
transistor “on-current” which can be fitted to a second-order polynomial and removed to facilitate
the study of the modulation.?’

One way to explain the background “on-current” is not all electrons are incident into the
channel parallel the direction of source to drain. Some truly oblique incident electrons will suffer
scattering and behave as normal non-ballistic current that follows non-ballistic transport equation.
At low drain bias and near threshold, this should behave like a “long-channel” transistor and have a
square dependent on drain bias.

Given the large width and short channel length, many electrons with less oblique incident
angles are ballistic. However, when the angle of incident to the reflection boundary is large, the
self-interference is weak and do not contribute to the interference. This contribution to background
current cannot be modeled by the “long-channel” equation. Empirically, we found the second order
polynomial fits the background current rather well given the short range available for fitting.

Figure 1(c) shows the percent modulation of the background drain current. Over 50% modu-
lation is observed at low gate voltage and low drain bias. Such deep modulation clearly requires a
reflector that spans the entire width of the transistor, ruling out defect scattering. The only candidate
is the potential drop at the end of the channel.

Even with the strong drain-end reflection picture, it is still a surprise at first glance for the deep
modulation. If electrons were entering the channel at random direction, then the fraction that is
close to normal incident and produce the strong interference should be relatively small. In reality
electrons near the entrance are accelerated by a “drain bias penetration field” beyond the entrance.
This boundary condition was discussed by Rahman et al. in terms of electrostatic requirement.”
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FIG. 2. Electron injection energies. a, Extracted electron injection energies (for 7 nm barrier length) at various resonance
conditions versus the drain bias of each resonance, for four different gate bias. Error bars are comparable to the size of the
data point and are not shown. b, the variation of barrier length with electron injection energy is calculated for 4 resonance
conditions based on the measured I -V characteristics at a gate voltage, Vs, of 240 mV.

Simply put, as electrons near the entrance of the channel inject into the channel, the local neutrality
is disturbed. An acceleration field must develop to attract electrons further away in the source
region. The magnitude of the acceleration field is current dependent. Figure 2(a) shows the extracted
injection energy as a function of drain bias. This provides a way to estimate the acceleration field.
The slope of the first group of injection energy is 0.3, meaning 3 meV for every 10 mV of drain bias.
Some of this is due to gate voltage change. Accounting for the clearly steeper slope at lower drain
bias, it is safe to say that the acceleration field is roughly 3 mV at 10 mV drain bias. This field is 10
times larger than the thermal energy and has a strong collimating effect on the injecting electrons,
leading to most electrons are injecting at close to normal incident angle.

To sum up the experimental evidence: at liquid Helium temperature strong drain current modu-
lation is observed as the drain bias sweep across a region that should not produce sub-band crossing
and the modulation depth precludes defect scattering as possible cause. While it is possible alterna-
tive explanation other than drain end reflection can produce such result, it is not obvious. In what
follows, we explore the theoretical explanation of the observed modulation.

The reflected electron wave interfering with the same electron’s incoming wave is illustrated in
Figure 1(d). Also shown is the cross-section of the MOSFET and the electrostatic potential barrier
from source to drain (dotted line, not to scale). At high enough gate bias, electrons with energy
higher than the barrier enter the channel with finite efficiency from the source (drain side injection is
neglected because of the drain bias). Once injected into the channel, electrons accelerate toward the
drain. In the absence of scattering the electron waves remain coherent.
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First, we use a classical wave analysis. At the source end, the de Broglie wavelength is given by
the energy of the injecting electrons, which is the Fermi energy of electrons in the source minus the
source side barrier height. The wavelength shrinks as the electrons accelerate across the channel.
At the drain end, the electron waves encounter a change in potential and a partial reflection is
assumed. As the reflected waves traverse back toward the source, their wavelength increases. When
the reflected wave is exactly 180° out-of-phase with the incident wave at the injection point, as
depicted in Figure 1(d), a transmission minimum occurs.

The first self-interference maximum occurs when the one-way transit time equals a half period
of the incident wave,

D2 )2
tr = l_/ — / (1)
in 2E;,

where A;,, v, and E;, are de Broglie wavelength, velocity and energy of the incoming electron at
the source-end, respectively, m is the electron effective mass, and #7 is the transit time through the
channel. To handle the position-dependent velocity, we divide the channel length, L.z, into N equal
segments of length & and each has a transit time, #;, and injection velocity, v;. The total transit time
is:

Z 1

N &o NV2 “VE,-E
where E; is the energy of the i segment in excess of the incident energy E;,, and L,z is the effective
channel length. Combining (1) and (2), we get

L, 1 LepvVm
==yt @

Nh 1
L Y —
2Leﬁf V2m \ Ein - Ei

where h is Planck’s constant. One can similarly obtain expressions for resonance conditions of 1/4,
34/4, A, etc. Equation (3) links the injection energy of the electron for each resonance condition to
the measured drain bias of the resonance, if L.y is known.

As figure 1(d) clearly depicts, Ly, is much shorter than the physical channel length. A method
to estimate the barrier length is to assume that the transistor has been engineered to achieve the
shortest effective channel length without short-channel effects,?’ a reasonable assumption for our
production quality transistor. That means the barrier length goes to zero at full drain bias (Vpp). The
effective barrier length at any drain bias (V) is proportionally given by

VVii+ Vi + Vp )
VVii + VVii + Vpp

where Lgyqyn, 18 the drawn channel length and the built-in potential across the source (drain) to
substrate junction, Vj;, is taken as 0.9V. This results in an estimated effective barrier length (L.g) of
7 nm for our 40 nm drawn transistor. This method of estimating L.y was proven very successful in
similar transistors.?’

Figure 2(a) shows the extracted injection energies for the measured resonances. The first mini-
mum (A/4) for each gate bias has injection energy around 10 meV. At first glance, this value seems
too large. Room temperature transistor models'>~!7 generally assume that the injecting electrons to
have thermal energy which is 0.36 meV at 4.2 K, almost 30 times smaller.

Since the extracted injection energy is dependent on the barrier length (fig. 2(b)). One may
argue that the effective channel length may be under estimated. However, the curve trend in
figure 2(b) suggests that even if the full 40 nm physical gate length is the channel length (not
possible), the injection velocity will still be higher than thermal energy. In the next section we
will use a quantum model and known physical parameters of the transistor to corroborate the
combination of 7 nm barrier length and 10 meV extracted injection energies.

We now examine the one dimensional problem of electron injection over a barrier by solving
the Schrodinger equation, as illustrated in figure 3(a). The rectangular barrier has a length of Ly,

3

Lejf = Larawn (1 “4)
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examine the quantum transmission of electrons with energy higher than the barrier height. Reflection at entrance and at exit
are indicated by arrows pointing backward. b, Calculated transmission coefficient, T(E), of an electron for a barrier height
of 100 meV and barrier length of 7 nm. The first maximum occurs at 118.8 meV, leading to electron injection energy of
18.8 meV at round trip = 1 /2 resonance.

and a height of Vj. The incoming electrons are at energy above the barrier. This text book problem
has a well-defined solution® and the results are shown in Figure 4.

Transmission coeflicients as a function of incoming electron energy for four different barrier
heights are plotted for each barrier length in figure 4. Notice that in each case (barrier length) the
modulation depth increases with barrier height. Thus our observed 50% modulation can be linked
to a specific barrier height for a given barrier length. The barrier heights that match experiment are
approximately 233 meV, 176 meV, 133 meV, and 98 meV for barrier lengths of 6 nm, 7 nm, 8 nm,
and 9 nm, respectively.

The barrier height is the difference between the injection energy and the source region Fermi
energy Er which can be found from the dopant concentration using the free-electron model*':

EF &)

m2 (322N \*°
:%( v )

where N/V is electron density. We should mention that since we are using a MOSFET, the source
region is not a 2-D electron gas as in many quantum point contact experiments. The 3-D equa-
tion (5) is appropriate for our purpose. A plot of Fermi energy as a function of electron density
(assume full ionization- valid for degenerate doping even at 4.2 K) is shown in Figure 5.

For the 40 nm transistor technology, typical source doping concentration range is 2 to 3.5
x 10?%/cm?, corresponding to an Ef range of 124 meV to 177 meV. With 10 meV injection energy,
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FIG. 4. a-d, Transmission coefficients for barrier lengths, Lg, of 6, 7, 8, and 9 nm, respectively, and for 4 barrier heights.
Broken horizontal line indicates the transmission coefficient, T(E), at 0.5 (i.e., to 50%) — a point matched in the experiment.

the range of barrier height comes to 114 meV to 167 meV. Thus we can pin down the barrier length
to within the range of roughly 7 nm to 8 nm.

In figure 4 the first transmission peak is located just above the barrier at energies (Epeai-Eparrier)
18.9 meV, 13.7 meV, 10.6 meV, 8.33 meV for barrier lengths of 6 nm, 7 nm, 8 nm, and 9 nm, respec-
tively. They correspond to our injection energies in figure 2(b). However, the quantum calculation
did not include drain bias while the extracted value is from experiment under ~10 mV bias. One
expects the quantum calculated value to be larger than the extracted value and not by just 0.6 meV.
Thus we can reasonably argue that the first peak location points to a barrier length closer to 7 nm
than 8 nm.

In other words, the quantum calculation confirms that the combination of 7 nm barrier length
and 10 meV extracted injection energy is correct. The much higher than thermal energy of the
injecting electron is a necessary consequence of the wave nature of the electrons.

200
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FIG. 5. Fermi energy in the source region versus carrier densities (dopant concentrations, full ionization assumed) according
to equation (5). Typical source doping concentrations in 40 nm transistor technologies are in the 2 — 3.5 x 10?° cm™3 range,
corresponding to Fermi energy from 124 meV to 177 meV.
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With the classical and quantum model in full agreement, and all the parameters extracted in full
agreement with the physical property of the device, our drain end reflection interference model is
fully versified.

It is instructive to clarify the picture of carrier transport in ballistic MOSFET at liquid Helium
temperature: As the barrier is driven by gate bias to below the Fermi energy of the source and
drain, carrier from both side can flow across. Since the thermal energy is only 0.36 meV, a small
drain bias of 1 mV will stop the drain side injection (no empty state available). The source side
injection, while allowed, is inefficient due to the wave nature of the electrons. As the barrier is
further lowered, the source side injection efficiency rises quickly as indicated by the transmission
probabilities shown in figures 3 and 4. This rise is not due to change in the fraction of electrons
with energy over the barrier, as is expect for room temperature operation. It is entirely a result of
the wave nature of electrons. At this point the barrier is well below the Fermi surface and there
are many filled energy levels within the transistor channel. As only electrons in the narrow thermal
energy range at the Fermi surface is mobile, the injection remains one sided as long as there is a
drain bias.

Returning to the question of why is reflection generally not observed? The simple quantum
model of the barrier provides a clear answer. As figure 4 shows, at high electron energy (relative
to the barrier height), the resonance quickly diminishes. Most quantum point contact experiments
involve metallic sample with high Fermi energy. At very low barriers, the resonance also dimin-
ishes. A pure constriction change-induced potential step is likely too low to produce an observable
resonance. In nanoscale MOSFETs, the barrier height and the electron energy are both adjustable,
giving the best chance to see the resonance. However, defect-free devices are rare. So even if one is
looking for the interference, it is clearly elusive.

In summary, we have experimentally demonstrated strong quantum interference in a ballistic
transistor. Although only evidence from one device is obtained, the signal to noise ratio and the
strength of the modulation demands that it be taken seriously. The simple text book level analysis is
completely consistent with the physical parameter of the device, providing strong support that the
observed interference is due to reflection of coherently-transported electron waves at the drain end
of the channel due to the change in potential. The conceptual implication of this work on ballistic
transport in general and quantized conductance in particular is significant.
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