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We demonstrate that a simple silicon-on-insulator (SOI) metal-oxide-semiconductor field-effect
transistor (MOSFET) which can be found in ordinary integrated circuits could operate as a
single-photon detector at room temperature. A potential well created by n'p n" junctions is used
to trap photo-generated holes, which is detected as increased electron current in the bottom
channel with a single-hole sensitivity. Although peaks in histograms of drain current are
overlapped due to relatively small sensitivity to the holes, signal-to-noise ratio (SNR) is large
enough to determine the position and height of each peak corresponding to the discrete number
of trapped holes. In addition to this single-photon detection capability, the simple MOSFET
structure could also benefit from the potentially high quantum efficiency (QE) since it includes

fewer absorbing electrodes to the incident light.
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1. Introduction

Single-photon detectors have found applications not only in life sciences'? and cryptography®®
domain, but also in a wide variety of realm.” Since the demerits of conventional single-photon
detectors, i.e. photomultiplier tubes (PMT) and avalanche photo diodes (APD), mainly stem from
the carrier multiplication by high electric field, a carrier multiplication-free detector which
directly detect photo-generated carriers one by one is expected to solve the problems.

Actually, single-photon detectors that used single-electron (or single-hole) tunneling transistor
as a sensitive electrometer, and counted photo-generated carriers without multiplication, have
been reported.'”'? However, their operation temperatures were below 20 K, and could not
readily replace PMT or APD. Recently, due to the miniaturization of silicon devices and the
advancement in silicon-on-insulator (SOI) technology, we can obtain a metal-oxide-
semiconductor field-effect transistor (MOSFET) with a single-electron sensitivity operating at
room temperature.n’m

Some pioneering works'>!'® reported that short- and narrow-channel SOI MOSFET could
operate as a single-photon detector, which realized the aforementioned operation mode and
featured low dark counts and small operation voltage. Nevertheless, the counting rate of the
detector was less than 10 s. Recently, we presented a new type of single-photon detector based
on a scaled-down (gate length L=65nm and channel width W=105nm) SOI MOSFET operating

1719 \which features improved quantum efficiency (QE), low dark counts

at room temperature,
and higher operation speed. However, in these devices, a special double-gate structure with a
short lower gate (LG) and a long upper gate (UG) covering the entire p -doped SOI area was

used to create potential well below the LG to trap photo-generated holes. This complex structure

resulted in still low QE, and might be an obstacle to general use.



In this report, a simple SOI MOSFET that can be found in ordinary integrated circuits is
evaluated as a single-photon detector. A potential well created by n'p n" junctions is used to trap
photo-generated holes, and the presence of the holes is detected as increased electron current in
the top or bottom channel.

2. Device Structure and Experimental Methods

Figure 1 shows cross-sectional view of (a) the previous and (b) present devices. In the former,
negative Vi together with Vg bias creates potential well to trap photo-generated holes, while,
in the latter, the n'p n” doping structure creates the well. In both cases, positive Vsyg is applied
to induce bottom electron channel that works as an electrometer to detect the presence of the
trapped holes. In the present device (b), effective electrodes are 300-nm-long n" polycrystalline
silicon (poly-Si) gate (LG) delineated above the 150-nm-wide, 50-nm-thick silicon layer with p~
dopant concentration less than 10'> cm™, n* source/drain region created in a self-aligned manner
using the LG as a implantation mask,'” and the substrate. The UG has no effect on the electrical
characteristics and could be removed to enhance the QE, though the UG still remains in the
present device [Fig. 1(b)] due to the experimental limitation i.e. reuse of the same photomasks
for economic reasons.

For the detection of the trapped holes, both the top and bottom channels can be used, but the
bottom one, enabled by applying V1 <0 and Vsyg>0, is selected this time for the smaller current
noise, which is sensitive to the bias condition.””® In this case, photo-generated holes are trapped
under the LG whereas back electron channel is used as an electrometer to detect the presence of
the trapped holes. Photo-generation of carriers and their recombination will modulate the
electron current, and can be observed as pulses.

3. Results and Discussion



Figure 2 shows the Ip-V.g curves for different Vsyg's from -10 to 10 V. As indicated in Fig. 2,
the operation point is located where the curves are sparse and the electrons flow in the bottom
channel. We should point out that both top and bottom channel can be used as an electrometer.
However, it was necessary to select an appropriate biasing point to reduced the drain current
noise. Generally, the low-frequency noise in MOSFETs is caused by the fluctuation of the charge
state of the oxide traps close to the channel.’” This fluctuation is reflected to the drain current
noise, depending on the bias condition.”’*” In case of SOI MOSFETs, the bias condition also
affects the positions of noise-related traps, e.g. front channel, back channel, edge channel, etc.*®
*® Since the quality of oxides is not uniform and device dependent, in our particular device, we
selected Vp, Vig, and Vsyg of 0.05, —1, and 1 V, respectively, at which the noise level (i.e. the
standard deviation of the drain current distribution) was minimized, and photo-generated pulse
signal was clearly separated from the baseline current.

Figure 3 shows drain current waveforms for different incident light intensities at the
wavelength of 550 nm at 300 K. We shift each waveform for clarity. It shows that, very similarly
to our previous results,'® pulse count is proportional to the photon incident rate. Moreover,
different pulse levels can be seen clearly, indicating different number of holes trapped under the
LG. The first, second, third and fourth levels correspond to the number of trapped holes of 0, 1, 2,
and 3, respectively, although the step height is almost comparable to the noise amplitude. This is
because the channel size of this device (L=300 nm and W=150 nm) is larger than that of the
previous one, resulting in lower sensitivity, i.e., smaller current change per single trapped hole.
As shown in Fig. 4, there is proportionality between the pulse generation rate and incident light
intensity, suggesting that the obtained pulses correspond to single photons. The QE for the

nominal active area of 300 x 150 nm” is 0.11% at 550 nm. Comparing with our previous
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report,'® active area in this device is entirely covered with the LG below the UG, while in
previous device only small fraction is shielded. This small QE could be improved simply by
removing the UG and/or replacing the LG with a transparent one.

The Coulomb interaction between holes is an important factor in the photon counting
operation, because it may reduce the collection efficiency of the photo-generated holes and set
the saturated number of trapped holes. According to the Fig. 4, as long as the count rate (i.e. hole
generation rate) is less than 100 s, the linearity is kept and the effect of the Coulomb interaction
is not clearly observed. However, improvement in the maximum count rate, which is limited by
the saturated number of trapped holes and the hole lifetime, remains to be tried in the future
research.

Figures 5 (a)-5 (f) are histograms of drain currents corresponding to Fig. 3. The closed
symbols are obtained data and solid lines are fitting curves with Gaussian distribution. The peaks
from left to right in each graph correspond to the number of trapped holes of 0, 1, 2, and 3. When
incident light intensity increases, more and more holes are generated, thus possibility of holes
being trapped under LG increases, resulting in the higher peaks for more trapped holes. As we
pointed out, unlike our previous results,' due to the relatively small sensitivity to the holes, the
SNR is not large enough to completely separate each peak, resulting in overlapped peak
distribution. Nevertheless, compared with the noise level (i.e., standard deviation), the peak-to-
peak spacing is large enough to determine the position and height of each peak. Therefore, this
device still has the ability to resolve the number of photons entering at the same time, if the QE
could be sufficiently high.

Figure 6 shows probability of state f; corresponding to the number of trapped holes i, as a

function of generation rate R. The theoretical curves (solid lines) are obtained from rate
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equations under steady condition, fi/ z=f;.1R and 2 fi=1, where 7 is the hole lifetime of 83, 20 and
17 ms obtained as fitting parameters for the trapped holes of i=1, 2 and 3, respectively.

In the collective behavior of excess minority carriers, decay of the carrier density can be
described with a single lifetime defined as Ap/U, where Ap is the excess carrier density and U is
the net recombination rate per volume.”””’ However, if we deal with the discrete number of
holes, the lifetime is defined differently as an average dwell time 7; before the transition takes
place from the state of i holes to the state of i—1 holes. Such a lifetime is the inverse of the
transition rate (i.e. the recombination rate), which naturally increase as i increases because the
probability to encounter electrons for direct recombination or recombination centers for indirect
recombination increases with i. Therefore, the hole lifetime 7; depends on the number of trapped
holes i.

In Fig. 6, experimental data (closed symbols) and theoretical ones coincide well, suggesting
that this device has similar capability of single-photon detection as the previous one but with a
simpler structure beneficial for wider usage.

4. Conclusion

In conclusion, a simple SOI MOSFET that can be found in ordinary integrated circuits can
operate as a single-photon detector at room temperature. The potential well created by n'pn"
junctions is effective for photon response. Such detector also features small dark counts of less
than 0.2 s~ and small operation voltage of 1 V. The obtained QE of 0.11% at A=550 nm is not so
high, but could be raised simply by removing the UG since it does not play a role anymore in the
proposed device. Based on these unique features together with its simple structure, the proposed

single-photon detector may found varieties of applications in sensing and imaging.
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Figure Captions

Fig. 1 (Color online) Cross-sectional view of (a) the previous'® and (b) present devices. In the
former, negative Vg together with Vyg bias creates potential well to trap photo-generated holes,
while, in the latter, the n'p n’ doping structure creates the well. In both cases, positive Vsus is
applied to induce bottom electron channel that works as an electrometer to detect the presence of
the trapped holes. Note that, in the present device (b), the upper gate no longer play a role in
creating the potential well, and could be removed without affecting the electrical characteristics,
although the gate still remains due to the limitation in device fabrication. The thicknesses of bu-

ried oxide, SOI, LG oxide and insulator below the UG are 145, 50, 5, and 440 nm, respectively.

Fig.2 (Color online) Ip-V.g curve with Vsyp as a parameter. Bottom electron channel is used as

an electrometer and photo-generated holes are trapped below the LG.

Fig. 3 (Color online) Drain current waveforms at 300 K for different levels of light intensity at a
wavelength of 550 nm. Each waveform is shifted for clarity. Base line current is about 1nA. Vp,

ViG and Vsug are 0.05, -1, and 1V, respectively.

Fig. 4 (Color online) Pulse generation rate vs. incident light intensity. Slope of the fitting line is

one.

Fig. 5 (Color online) Histograms of digitized drain currents corresponding to Fig. 3. Ist, 2nd, 3rd
and 4th peaks correspond to the number of trapped holes of 0, 1, 2, and 3, respectively. Data
acquisition time period and time step are 5 s and 488 s, respectively, and 10,240 (=5 s/ 488 us)

data points (current values) are classified into bins with a width of 2 pA.

Fig. 6 (Color online) Probability of state obtained from Fig. 5 as a function of generation rate.

States fo, f1, /> and f3 correspond to the number of trapped holes of 0, 1, 2, and 3, respectively.
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Fig. 1 (Color online) Cross-sectional view of (a) the previous'® and (b) present devices. In the
former, negative Vg together with Vyg bias creates potential well to trap photo-generated holes,
while, in the latter, the n+p_n+ doping structure creates the well. In both cases, positive Vsyg is
applied to induce bottom electron channel that works as an electrometer to detect the presence of
the trapped holes. Note that, in the present device (b), the upper gate no longer play a role in
creating the potential well, and could be removed without affecting the electrical characteristics,
although the gate still remains due to the limitation in device fabrication. The thicknesses of bu-

ried oxide, SOI, LG oxide and insulator below the UG are 145, 50, 5, and 440 nm, respectively.
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Fig.2 (Color online) In-V1g curve with Vsyp as a parameter. Bottom electron channel is used as

an electrometer and photo-generated holes are trapped below the LG.
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Fig. 3 (Color online) Drain current waveforms at 300 K for different levels of light intensity at a
wavelength of 550 nm. Each waveform is shifted for clarity. Base line current is about InA. Vp,

ViG and Vsug are 0.05, -1, and 1V, respectively.
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Fig. 4 (Color online) Pulse generation rate vs. incident light intensity. Slope of the fitting line is

one.
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Fig. 5 (Color online) Histograms of digitized drain currents corresponding to Fig. 3. 1st, 2nd, 3rd

and 4th peaks correspond to the number of trapped holes of 0, 1, 2, and 3, respectively. Data

acquisition time period and time step are 5 s and 488 us, respectively, and 10,240 (=5 s/ 488 us)

data points (current values) are classified into bins with a width of 2 pA.
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Fig. 6 (Color online) Probability of state obtained from Fig. 5 as a function of generation rate.

States fo, f1, f> and f3 correspond to the number of trapped holes of 0, 1, 2, and 3, respectively.
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