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ABSTRACT

We utilize a frequency-modulated charge pumping methodology to measure quickly and conveniently single “charge per cycle” in highly
scaled Si/SiO2 metal–oxide–semiconductor field effect transistors. This is indicative of detection and manipulation of a single interface trap
spin species located at the boundary between the SiO2 gate dielectric and Si substrate (almost certainly a Pb type center). This demonstration
in sub-micrometer devices in which Dennard scaling of the gate oxide has yielded extremely large gate oxide leakage currents eliminates
interference between the charge pumping current and the leakage phenomenon. The result is the ability to measure single trap charge pump-
ing reliably and easily, which would otherwise be completely inaccessible due to oxide leakage. This work provides a unique and readily avail-
able avenue for single spin species detection and manipulation, which can be applied as a quantized standard of electrical current as well as
to serve as a potentially useful platform for developing quantum engineering technologies. Finally, we discuss potential underlying physical
mechanisms that are involved in producing a seemingly contradictory measure of both odd and even integer values for charge per cycle.

Published by AIP Publishing. https://doi.org/10.1063/5.0081172

The ultra-scaling of metal–oxide–semiconductor field-effect tran-
sistors (MOSFETs) has paved the way for tremendous improvements
in integrated circuit technology. However, with this comes additional
complexities and challenges associated with smaller geometry devices
and thinner gate dielectrics. A particularly interesting aspect of these
ultra-scaled devices is the role of atomic-scale semiconductor/gate
dielectric interface spin species (atomic-scale trapping centers), which
are well known to drive many performance, yield, and reliability
related issues.1–4

As device geometries approach fundamental physical limits, the
role of a single atomic-scale trapping center (a single broken bond for
example) becomes increasingly more important and can have deter-
ministic impacts on device operation.5 A rather well-known example
is random telegraph noise, which, in some cases, results in a complete
blockage of drain current.6–9 A detrimental non-ideality of performing
measurements in highly scaled MOSFETs emerges from thin gate
dielectrics. Quantum mechanical tunneling currents, known as gate
leakage currents, become significant with ultra-thin gate dielectrics.

Countless varieties of measurements have been developed to
characterize MOSFET interface trapping centers.4,10–16 Among these,
the so-called charge pumping (CP) methodology has proved to be
incredibly popular due to its relative ease of use and adaptability.10–12

Many different CP measurement configurations have been developed
to study various properties of interface traps, including everything
from simple trap counting through detailed density of states
measurements.16–20

In the simplest case, CP yields a current response, ICP, that
depends on a gate pulse that acts to cyclically accumulate and invert
the semiconductor/dielectric interface. The charge carriers introduced
during these cycles can become trapped at interface trap and recom-
bine as electron–hole pairs. ICP is proportional to the frequency of
these cycles, fCP, according to ICP ¼ qAGfCPDitDE; where q is elec-
tronic charge, AG is the gate area, Dit is the interface trap density per
unit energy, and DE is the recombination energy window determined
by the electrostatics of the accumulation and inversion pulses [deter-
mined by the square wave gate pulse high (VG,High) and low (VG,Low)
voltages], which act to fill interface traps with charge carriers and force
electron–hole recombination.

Many non-idealities of this simple picture exist, including the
so-called geometric effect and thermionic emission loss.12,18 In ultra-
scaled MOSFETs with extremely thin gate dielectrics, quantum
mechanical tunneling currents, known as gate leakage currents, are
very important to consider. Often, orders of magnitude larger than
ICP, gate leakage make conventional CP measurements extremely
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difficult and often impossible. Various refinements to overcome this
challenge have been developed, with varying degrees of success.13,21–28

Among these, frequency modulated CP (FMCP) stands out due to its
robust nature and ability to easily overcome the fundamental measure-
ment challenges associated with measuring very small signals (ICP)
riding on top of a much larger background (leakage currents).21,22

CP measurements have also been utilized to study single trap
within sub-micron MOSFET devices, again with varying degrees of
success and ambiguity.29–34 In the simplest case of ignoring thermionic
emission loss such that the trapping or recombination efficiency is
100%, a single interface trap will yield a CP response that scales line-
arly with fCP by exactly 1.602 176 634 � 10�19 C, the SI base unit of
elementary charge q.35 In fact, the nature of this phenomena is under
active consideration as a room temperature quantum current source.34

For clarity, this equates to an ICP of approximately 160 fA per MHz of
CP frequency per trap. Based on literature reports, the actual slope of
this curve for a single trap could potentially vary between
0� q� 2q.29–32,34 Beyond the known CP non-idealities mentioned
above, other explanations have been proposed in the literature to
explain this seemingly odd behavior.32,34

In these types of measurements, relatively thick gate dielectrics
are desired such that gate leakage currents are minimized with respect
to the sub-pA range of expected CP current. However, these measure-
ments also require quite small sub-micrometer resolution channel
areas such that only a single interface trap exists. In this work, we over-
come the need for thick oxides and leverage FMCP to detect single
interface traps within sub-micrometer devices with 1.7 nm gate dielec-
trics. By modulating the CP gate pulse between two frequencies and
demodulating the substrate current via lock-in detection, we robustly
resolve fA range CP responses in the presence of orders of magnitude
larger leakage currents. This enables relatively easy and routine CP
measures of single interface traps in rather common MOS technolo-
gies, thereby demonstrating FMCP’s utility as a process and develop-
ment monitoring tool as well as paving the way for use in quantum
engineering technologies.

The FMCP apparatus is depicted in Fig. 1(a) and consists of an
arbitrary waveform generator (AWG) that is connected to the gate ter-
minal of a MOSFET and monitored with an oscilloscope. This CP
waveform consists of a simple trapezoidal wave that is continuously
modulated between a high frequency, f1, and a low frequency f2, at a
modulation frequency fmod. The voltage amplitudes (VG,High and
VG,Low) of this pulse train are held constant as we modulate back and
forth between the two frequencies. The source and drain terminals are
grounded in all our measurements. Here, fmod is controlled with a
second AWG that is connected to both the gate pulse AWG and the
reference input of a lock-in amplifier (LIA). The MOSFET body/
substrate current, Isub, is fed into the LIA for demodulation and has
the form of a simple square wave of frequency fmod and high and low
levels corresponding to ICP at f1 and f2, respectively. The modulated
gate waveform and resulting substrate signal Isub are illustrated in
Fig. 1(b). Here, we also provide the definition for modulation depth,
f1�f2
2 , a frequency figure of merit utilized in FMCPmeasurements.21,22

For demodulation of the transmitted Isub, the shape is approxi-
mately a square wave for which the fundamental frequency RMS
amplitude is given by p/4 multiplied by the lock-in output voltage.21,22

The output of the LIA (both in phase Vx and out-of-phase Vy) is then
transmitted to a semiconductor parameter analyzer, which multiplies

the RMS amplitude by two to retrieve the peak-to-peak amplitude and
is then averaged. Connections to the device under test utilized a stan-
dard wafer probing station enclosed within a metal box to eliminate
photo generation effects and to minimize noise.

The MOSFET samples utilized here are high quality production
grade Si/SiO2 devices with 1.7 nm thermally grown oxides. Rather
large area devices (1lm� 100lm) were first measured with conven-
tional CP as well as FMCP, which yield a mean interface trap density
of about 3 � 1010 cm�2 eV�1 corresponding to about 15 000 interface
traps in a device of this size. Much smaller devices (125lm� 250nm)
from the same wafer were utilized for the single trap measurements.
Statistical variations due to processing/yield, plus the fact that the
number of traps per device must be a whole number (quantized),
result in observations of these smaller devices with a range of total
traps between zero and about four or five. Note that an increase or
decrease in a single trap here has a large impact on what one would
calculate for an interface state density (due to the sub-micrometer gate
dimensions). While it is not possible to measure zero traps (CP could
not occur), the lack of a signal in some devices implies that some devi-
ces do not contain any (but other factors cannot be ruled out
completely). We regularly (but not always) observe devices with a sin-
gle interface trap. It should be noted that the uncertainty in our cur-
rent measurements is no greater than6 10 fA.

Figure 2 shows FMCP results from the larger (1 lm� 100 lm)
devices from which we obtained a mean interface state density. It is
important to note that attempts to perform conventional CP mea-
surements on this device failed to produce any meaningful results
due to the large leakage current to CP signal ratio (not shown).
Also note the DICP vs modulation depth data are both linear and
intersect the vertical axis at zero, indicating both reliable CP mea-
surements and effective suppression of gate leakage current. From

FIG. 1. (a) Schematic illustration of the FMCP apparatus used for single trap detec-
tion. (b) Modulated gate pulse shape (top) and resulting two level substrate current
Isub (bottom) as a function of time that is fed into the lock-in amplifier. The lock-in
output is then directly proportional to the FMCP current, DIFMCP.
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this figure, the slope of the line gives the number of traps in this
device, about 15 000.

Next, we show results from a much smaller device that likely con-
tains a single interface trap. As mentioned previously, the thin oxide of
the MOSFETs yields extremely high gate oxide leakage currents rela-
tive to the expected single trap response. This is illustrated in Fig. 3,
which shows an attempt to perform conventional CP Elliot curve
(fixed amplitude swept base voltage11) measurements at 1MHz. Here,
VG,High minus VG,-Low (amplitude) is held constant at 3V while
VG,Low (the base voltage) is swept from �3 to 0V. The results clearly
illustrate that no useful CP data are obtained, and the leakage signal
(about 3 pA) is about 20 times greater than the expected CP signal for
a single trap at 1MHz (160 fA).

Next, using the same device, the same Elliot curve measurements,
performed this time within the FMCP framework described above,
were attempted. As shown in Fig. 4, the measured DIFMCP is plotted
on the left axis and the corresponding charge per cycle, normalized to
fundamental electric charge q, is plotted on the right axis. This plot
strongly indicates that a single trap is being pumped or “accessed” by
the measurement as only a single “bump” in the curve is present with
a peak amplitude corresponding to elementary charge, q.

Choosing values of the gate voltage pulse that correspond to the
peak of this curve, we next perform variable modulation depth mea-
surements on the 125 � 250 nm2 devices, shown in Fig. 5. Similar to
Fig. 2, which was made on a much larger device, these data are also lin-
ear with frequency and intersect the vertical axis at zero, indicating
reliable CP measurements and elimination of leakage currents.
Specifically, important here is that the slope of this line is about
1.73� 10�19C, very close the defined value for a single electronic
charge (fundamental constant q).

Thus, we have shown that FMCP may be rather easily utilized for
single trap detection and yields a relationship DIFMCP ¼ qDfCP . As
noted, recent works show that for a single trap, the actual value can
vary between 0� q� 2q, possibly due to the amphoteric nature of the
likely Pb0 type traps found at Si (100)/SiO2 interfaces.

1,36 We have also
made measurements (not shown) on devices, which display a slope of
2q. While possibly due to two traps, statistical variation of the energy
levels associated with a particular charge state of a singular trap could
give rise to this difference in slope. The classical amphoteric descrip-
tion of Pb0 type centers yields two energy levels of the trap in the Si
bandgap, corresponding to the positive to neutral (þ1/0) and neutral
to negative (0/�1) transitions.36,37 This yields two peaks in Dit vs
energy that lie in the upper and lower parts of the Si bandgap.32,37

The range in energy explored by CP measurements, DE, can be
defined by

DE ¼ 2kTln
VH � VL

v�thrni V
CP
th � VCP

FB

� � ffiffiffiffiffiffiffi
trtf
p

 !
:

FIG. 2. DIFMCP as a function of modulation depth for a larger 1� 100lm2 device.
Here, we extract a charge per cycle of about 2.5 nA/MHz, corresponding to about
15 000 traps in this large device and a mean interface trap density of 3 �
1010 cm�2 eV�1. Note that due to extremely large leakage currents, conventional
CP approaches were unable to produce meaningful results (not shown).

FIG. 3. Conventional CP Elliot curve attempt on the much smaller device. Due to
the very large gate leakage current, no meaningful CP data are obtained.

FIG. 4. Utilizing the FMCP framework, meaningful Elliot curves are obtained on a
small device that strongly suggest the pumping of a single interface trap.
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Here, k is Boltzmann’s constant, T is the temperature, VH and VL

are the high and low voltages of the CP waveform, v�th is the geometric
average of the electron and hole thermal velocities, �r is the geomet-
ric average of the electron and hole capture cross sections, VCP

th is the
CP threshold voltage, VCP

FB is the CP flatband voltage, and tr and tf are
the rise and fall transition times of the CP waveform.10,12 This expres-
sion dictates the range in energy explored by CP measurements
(recombination window), which at room temperature is about 50% of
the Si bandgap. Thus, for a single trap, which cannot be described as a
distribution of energy levels, or a “density,” but are rather fixed and
discrete (quantized), if either the (þ1/0) or (0/�1) levels lie outside of
the CP window (1), only a single q will be observed. If both lie within
the window, 2q will be observed. Tsuchiya and Ono recently argued
this in single-trap detection with CP in Si MOSFETs.32

Another possible explanation of the observation of only a single
charge per cycle (rather than two charge per cycle implied by the
amphoteric picture) involves the kinetics of the Pb0 center itself.
Recent work by Cheung et al. argues that the kinetics involved in fast
voltage changes (like those typically utilized in CP measurements) vs
relatively slow voltage changes (as typically utilized in conventional
capacitance vs voltage measurements) could explain the observation of
only a single charge per cycle.34 Cheung et al. argue that the acceptor
state, which exhibits sp3 like character, and the donor state, which
exhibits sp2 like character, are simply different configurations of the
same entity and have a rather large reconfiguration energy of about
0.7 eV.34 This yields a long emission time constant following capture
that is too slow to follow the fast voltage pulse trains used in CP but
still able to follow the rather slow voltage ramps in conventional capac-
itance measurements. Thus, in CP measurements, only CP between
either the donor or acceptor state is observed (i.e., a single charge per
cycle per trap). We have observed both q and 2q charge per cycle (or
more generally stated, odd and even numbers for charge per cycle) for
the devices in this work. However, more investigation is needed to elu-
cidate the underlying mechanisms.

Nevertheless, these FMCP measurements create an avenue for
single-trap measurements in ultra-scaled MOS technology and can,
thus, be applied to modern and common MOS technologies where
conventional approaches are unable to produce meaningful results.
Along with the implication of the continued use of CP as a process/
yield monitoring tool, single-trap detection with FMCP is an
extremely convenient tool for quantum metrology and quantum engi-
neering applications to support and advance efforts on future comput-
ing paradigms and quantum technologies; specifically, understanding
the nature of single isolated spins, their interactions with other spins,
and the ability to manipulate (or initialize) their spin state. This
includes the effort needed to transition our understanding of these
types of spin states from traditionally statistical based parameters to
one that reflects the true quantized nature of single spin sites.
Additionally, single trap CP is a very promising candidate as a vehicle
toward a true quantized current (ampère) standard to close the so-
called quantum metrology triangle (QMT).34,38 A quantum mechani-
cal description of Ohm’s law, the voltage and resistance experiments
are very well defined in terms of the Josephson effect and quantum
Hall effect, respectively. The third leg, however, electric current, has
not found nearly as much success.38 The work described in this paper
takes the next step toward achieving this goal by demonstrating the
relative ease at which single spins can be counted with respect to fre-
quency (the basis of a current standard) in a ubiquitous technology
(MOSFETs) widely known for its tremendous scalability and
manufacturability.
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