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On-Wafer Electron Beam Detectors by
Floating-Gate FinFET Technologies
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Abstract— A novel electron beam detector made on Si
wafers by the advanced CMOS FinFET processes has been
proposed in this study. Through electron beam (e-Beam)
charging of on-wafer sensing pads, electron dosage can
be registered on the detector for follow-up read-out. With-
out external power or battery connections, this detector
has successfully delivered on-chip dosage, intensity, and
energy after e-Beam exposure.

Index Terms— CMOS compatible, electron beam
detection, FinFET, on-wafer.

I. INTRODUCTION

W ITH the rise of IoT and wearable electronic devices,
the demand for semiconductor-based products has

grown rapidly, which facilitates the rapid development of
semiconductor technologies in this highly competitive environ-
ment. As widely known in the semiconductor field, the pursuit
of conforming to Moore’s law pushed many semiconductor
manufacturers toward the aggressive scaling of technology
nodes. The lithography plays the most critical role in defining
patterns with even smaller critical dimensions [1], [2], and
it has become the key focus for the top players in the
industry for maintaining their leading edge. In the lithography
systems providing the critical dimensions down to nanometer
regimes, short-wavelength light sources, such as EUV/DUV
and electron beam (e-Beam), have become indispensable
[3]–5]. To ensure stable and reliable transfer of patterns,
on-site real-time detection of the electron distribution on the
projected surface can be essential to reaching and maintaining
a high product yield.

In the past, to obtain feedback on e-Beam intensity, con-
ventional sensors such as charge-coupled devices (CCDs) and
active pixel sensors (APSs), are commonly used [6]. CCDs
utilized potential wells and/or floating nodes for collecting
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photo-electrons induced by photoelectric effects [7], [8]. While
in APS sensor arrays, each pixel generally is composed of
a photodiode and multiple transistors that limit its spatial
resolutions [9]–[11].

However, there are some restrictions on using the existing
solution in advanced lithography systems. To achieve high
charge transfer efficiency, CCDs require specialized fabrica-
tion processes [12]–[14]. For APS arrays can be made with
processes which is compatible to CMOS process, the photodi-
odes are not optimized for electron beam collection [15], [16].

On the other hand, for obtaining the feedback of e-Beam
intensity on the projected plane, some other e-Beam detec-
tors have been proposed such as the fiber-optic scintillat-
ing detectors and ferroelectric-crystal detectors [17], [18].
In fiber-optic scintillating detectors is composed of organic
scintillator [19]–[21] and plastic optical fiber (POF) [22]–[24].
Through scintillating light generated from e-Beam exposure
is transferred to photoelectric diode array by POF for final
signal readout. Ferroelectric-crystal detector [25], [26] utilizes
one of the ferroelectric/piezoelectric materials which generates
the heat when it under the e-Beam exposure [27]. Afterward,
the heat changes the crystal surface of polarization that pro-
duces the responding voltage becomes the readout signal [28].

Nevertheless, to obtain the signals from these arrays, all
the above requires complex peripheral circuits and timing
control, which cannot be easily integrated directly on a Si
wafer. In addition, both sensing arrays can only sense e-Beam
dosage in a real-time fashion which requires power connection
or/or battery unit in the sensor modules [29], [30], making
their installation onto e-Beam systems more complex and
less flexible. In addition, under the e-Beam sensing, with
the high optical resolution and high energy e-Beam is found
to penetrate deep into the sensing plan, result in serious
disturbance on the sensing devices, leading to unexpected
damage and/or distortion of the signals.

In this work, a novel on-wafer e-Beam sensing device is
proposed. This new sensor device exhibits extraordinary ability
for sensing e-Beam dosage with high sensitivity and dynamic
sensing range, through a floating-gate structure to enable
simultaneous detecting and recoding operations. The detectors
can be fabricated by standard CMOS FinFET processes, which
enables the proposed sensing array to be applied to advanced
technologies, which makes the adaption of the sensing module
much more flexible and readily as part of the on-chip test lines.
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Fig. 1. (a) TEM cross-sectional view of connecting structure of FCS
and ESP. The FG length is 140 nm. (b) 3-D illustration of the on-wafer
e-Beam detector.

II. DEVICE STRUCTURE AND OPERATION PRINCIPLES

The detector samples are fabricated by a 16-nm standard
FinFET CMOS logic process [31], [32]. Fig. 1(a) shows
the TEM cross-sectional view of connecting structure of
the fin coupling structure (FCS). A 3-D schematic of the
proposed on-wafer e-Beam detector which is composed of
the floating gate (FG) recorder and a stacked energy-sensing
pad (ESP) for sensing/collecting electrons injected by e-Beam
is shown in Fig. 1(b). Similar concepts which use metal pads
for sensing/collecting charge particles have been proposed
in previous studies [33], [34]. To maximize the collection
efficiency, the detectors employed all available metal layers
from the CMOS process used for our sample fabrication,
which includes nine—metal layers. For the part of the FG
recorder, the sensing gate (SG), and reading gate (RG) in
Fig. 1(b) are referred to as the slot contact landed on shallow
trench isolation (STI) region, which between adjacent tran-
sistors is mainly for preventing interference between signals.
The SG is connected to ESP to couple the ESP potential to
the FG. whereas the RG is connected to another coupling
structure for read operations. During e-Beam exposure, ESP
is charged to a high negative potential, VESP, which is coupled
to the FG, leading to the electron ejection out of FG through
tunneling effect, causing a change in its storage charge, �Q
for e-Beam dosage responding. Hence, the e-Beam intensity,
which directly correlates to VESP, can be reflected by �Q.

Fig. 2. With constant test current, It, applied, measured VSP response
indicates that the sensing pad capacitance is around 80 fF.

For the discussion of mathematical analysis of the tunneling
effect, the tunneling process for electrons can be described
through the time-dependent Fowler–Nordheim (FN) tunneling
mechanism, in which the current density (JFN) under a specific
electric field across the gate oxide (Eox) can be described as
follows:

JFN = a E2
oxexp

(
− b

Eox

)
(1)

where a and b are the material-related constants, including
gate dielectric constant, energy barrier width, and gate work
function. The equation gives that the tunneling current level
which controls the rate of �Q(t), which in turn affects the
responsivity of the detector.

Fig. 2 shows the voltage on the sensing pad when different
test current, It , of 1, 2, 3 pA is applied. When electrons inject
onto the ESP, the pad can be considered as a capacitor being
charge up by the e-Beam current. The capacitance level of
the sensing pad, CSP, affects how fast the VSP raises under a
specific e-Beam intensity. Through measuring the results of
VSP in response to the applied test current, capacitance of the
sensing pad, CSP, can be extracted, which is found to be around
80 fF.

In Fig. 3, the ID–VRG characteristic curves of a detector
before and after electron beam injection are compared. With an
intensity of 1 μC/cm2·s, 5-keV e-Beam energy, the threshold
voltage, VTH, of FG transistors are found to shift to the left.
As charging of the ESP occurs, the negative Vsp is coupled to
FG, leading to the electron ejection from the FG. Under the
same intensity, increasing exposure time causes more electrons
to be pushed out of FG, leading to positive �Q on FG,
as shown in Fig. 6, which in turn resulting in a more negative
Vth shift, see Fig. 3.

Fig. 4(a) shows the 3-D schematic of the ESP structure
which is composed of nine-stacked metal layers is responsible
for collecting electrons under e-Beam exposure. The cross-
section illustration in Fig. 4(b) shows the relative thickness of
each metal layer, provided by the standard CMOS process.
The sensing pad area as well as the stacked metal layers is
also revealed, where the top metal layers are much thicker than
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Fig. 3. ID–VRG characteristics show negative VTH shift after e-Beam
exposure at an intensity of 1 μC/cm2·s, energy of 5 keV.

Fig. 4. (a) 3-D schematic of the collection pad structure. (b) 2-D
cross-section showed the area and thicknesses of each metal layer and
the spacing between.

the rest. During the whole exposure experiment, the e-Beam
is focused on the ESP region of the samples only, hence,
the FinFET transistors were not exposed to e-Beam injection,
and hence, its characteristics remain stable.

III. RESULTS AND DISCUSSION

Under different e-Beam energy, the experimental results
in Fig. 5 compare the change in FG charge, �Q, defined

Fig. 5. Projected range deepened under surface as energy increased.
With a stacked sensing pad, the response of the detector decreases as
the e-Beam energy increases.

as QFG.after–QFG.fresh, versus the overall e-Beam dosage. The
results reveal that the higher the e-Beam energy, the less the
change in FG charge, �Q. It is found that as e-Beam energy
increases, the projected region deepens. When more electrons
penetrate underneath the Si surface, electrons are collected by
the ESP becomes less, which causes a lower VSP response,
in turn, less �Q is found after exposure. On the other hand,
it is also worth noting that under the low e-Beam dosage,
no observable �Q is found. This is because under low e-Beam
intensity the potential on ESP is not enough for FN tunneling
to occur, hence, there is no change in FG charge.

To estimate the current levels on the sensing pad, ISP,
in response to a certain applied e-Beam current, IeB, test
current is applied to the sensing pad of the detector. By match-
ing �Q response versus time obtained from e-Beam exper-
iments, the equivalent ISP can be extracted. It is found
that the responding ISP is lower than IeB applied, sug-
gesting that not all injected electrons are collected by
the ESP.

As illustrated in the inset of Fig. 5, as energy increases, the
electron projection range increases. When electron penetrates
beyond these metal layers into the Si substrate, the elec-
tron collection efficiency is expected to decrease. Fig. 7
shows the response for �Q versus exposure time under the
different e-Beam energy. The electron collection efficiency,
extracted from the ISP found in Fig. 6, is summarized in
Fig. 7. As expected, when energy increases, ESP collection
efficiency, η, decreases.

The data retention characteristic of the FG transistor is
shown in Fig. 8. After e-Beam exposure, the QFG stored in the
FG remains relatively stable. This suggests that this recording
detector can keep the signal for a long enough time, enabling
follow-up measurement to be completed outside the processing
chamber, independently.

Under the e-Beam exposure, it has been reported that the
dangling bond formed by the high energy electron injection
and the moisture absorption is known to change the dielectric
properties of low-k film between metal layers [35].
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Fig. 6. Detector response under e-Beam and that by applying equiv-
alent level of current, ISP, on the sensing pad, to obtain the matching
responses.

Fig. 7. Higher energy beam penetrates deeper under the surface,
the e-collection efficiency, η, decreases. Measured η is slightly lower
than that extracted from experiments.

Fig. 8. QFG inside the floating gate remains relative stable after six days.
While samples with higher QFG subject to some charge gain effect.

As the dielectric constant of the material between the slot
contact and the metal gate changes, an undesirable effect on
the readout current of the detectors may occurs. As shown
in Fig. 9, the change in subthreshold ID–VRG characteristics

Fig. 9. Higher energy beam of 200μC/cm2, exposure time of 1 s, is found
to cause a range in the subthreshold swing of the detectors, with lower
coupling ratio.

TABLE I
COMPARISON OF DEVICE PROPERTIES

on the FG transistor after high energy e-Beam exposure is
observed. Aside from �Q, the signal, these additional changes
on the FG detectors can be problematic from obtaining clear
signals in response to e-Beam dosage. Hence, methods of
confining e-Beam distributions are necessary before we extend
this new on-wafer detector to the high energy e-Beam systems.

The main novelty of this work is to deliver an on-wafers
electron beam detector that can record the responses without
external power or battery connections. Sensing of e-Beam
dosage and intensity after exposure has been demonstrated
successfully by the experimental data.

IV. CONCLUSION

In Table I, a variety of the characteristics and properties of
different types of e-Beam detectors are compared. The e-Beam
detector proposed in the past all needed the battery/external
power and a peripheral circuit for signal readout, which lead
to complexity in the incorporating of detector for in-line
monitoring. While on the detection principle, some of them
detect the e-Beam signal through the chemical reaction, such
as the heat expansion, and light generation that will make it
less compatible with the electronic control system. In contrast,
the novel e-Beam detector proposed in this work features
full compatibility with CMOS technology, purely electrical
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response, and can operate without battery and external power
supply during sensing. Therefore, the detectors provide a
novel e-Beam sensing scheme for on-chip in-monitoring sys-
tems [36]–[38].

A novel FG e-Beam detector fabricated by nanoscale
FinFET CMOS technology is proposed. Coupled by a
stack-metal ESP, the FG of the readout transistor can success-
fully record e-Beam dosage as ESP is charged by the injected
electrons. This power-free and on-wafer e-Beam detector can
be used in line detection and offer timely feedback for the
advanced lithography system.
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