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High sensitivity photodetectors in ultraviolet (UV) and infrared (IR) range have broad civilian and military
applications. Here we report on an un-cooled solution-processed UV-IR photon counter based on modified
organic field-effect transistors. This type of UV detectors have light absorbing zinc oxide nanoparticles
(NPs) sandwiched between two gate dielectric layers as a floating gate. The photon-generated charges on the
floating gate cause high resistance regions in the transistor channel and tune the source-drain output
current. This “super-float-gating” mechanism enables very high sensitivity photodetectors with a minimum
detectable ultraviolet light intensity of 2.6 photons/pm’s at room temperature as well as photon counting
capability. Based on same mechansim, infrared photodetectors with lead sulfide NPs as light absorbing
materials have also been demonstrated.

igh sensitivity photodetectors and photon counters with a resolution at the photon level are critical in

many civilian and military applications, including quantum cryptography'?, imaging at extremely low

levels of ambient illumination, Light Detection and Ranging (LIDAR)*, space exploration®’, and medical
imaging®’. The highly sensitive photodetectors in use today, such as photomultiplier tubes (PMTs) or avalanche
photodiodes (APDs), combined with discriminators and associated electronics, have shown single-photon
counting capability. Despite their high detectivity, the application of PMTs in many fields, such as laser radar
imaging'® and medical imaging, is limited. This is due to their large, fragile vacuum tube structure, susceptibility to
a magnetic field, and demand for a high driving voltage of above 1,000 volts. The quantum efficiency of a PMT is
usually less than 20% in UV/blue and less than 5% in the red wavelength regime''. APDs operating in the Geiger
mode'*"* have shown much higher quantum efficiency than PMTs in the visible range, with a spatial resolution as
small as 100 micrometers and a lower bias of several hundred volts'>'***. However, the Geiger mode APD suffers
from high multiplication noise and after-pulse dead time problems'*'®. New versatile applications have been
pushing the development of a new generation of photodetectors with higher detectivity, un-cooled, higher
resolution, better flexibility, and integration to silicon technology, all of which will be accomplished with better
yield and lower manufacturing/operating costs.

Recent advancements in light detection technologies have been shown to absorb the nanomaterial revolutions
of the last decade, e.g., a quantum dot single-photon detector (QDSPD) has been developed by Shields,
Yablonovitch, and Mirin for single photon detection'®**. These QDSPDs used a layer of indium arsenide QDs
embedded in a thick gallium arsenide layer between the gate dielectric layer and the channel of a field effect
transistor (FET) to trap the photo-generated holes in the GaAs layer'*-**. The trapped holes in the QDs screen the
gate voltage and thus act as an optical addressable floating gate, resulting in a persistent change in the channel
current. However, these QDSPDs require expensive and slow epitaxial growth in ultrahigh vacuum'*'; and the
QDSPDs only work at an extremely low temperature of ~4 K in order to confine charges in QDs. It is unlikely
these QDSPDs can be widely employed for low-cost applications. On the other hand, solution-processed devices
made of organic semiconductor materials, inorganic nanoparticles (NPs), or nanocomposite materials have
provided a critical step for low-cost, high performance photodetectors®*~**. So far, nanomaterials, such as lead
sulfide colloidal QDs, cadmium selenide colloidal NPs, and zinc oxide (ZnO) NPs and nanowires, have been
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widely used in the photodetectors. However, most of the reported
solution-processed photodetectors, based on a photoconductor or
photodiode mechanism, only show minimum detectable light
intensities of around 107* ~ 107> W/cm?®*”**~*?. In this manuscript,
we report a new type of solution-processed organic field-effect tran-
sistor (OFET) as a highly sensitive un-cooled photodetector. The
OFET integrates ZnO NPs sandwiched between two dielectric layers
under the channel layer, and uses the photo-generated, confined
electrons to tune the channel current. A huge photoconductive gain,
as well as photon number memorizing and counting capability, was
enabled by a novel super-float-gating mechanism. The minimum
detectable ultraviolet light intensity of 2.6 photons/pm’ (1.5 X
107 W/cm?) was demonstrated.

Results

Device working principle and device performance. The nanoparticle
super-gated organic field-effect transistor (NPSGOFET) photon
counter is a bottom-gate, top-contact type OFET comprised of a
photoactive ZnO NPs layer sandwiched between two dielectric
layers, as shown in Figure la. A highly doped silicon (Si) wafer was
used as both substrate and gate. The bottom dielectric layer was a
thermal growth silicon oxide (SiO,) layer with a thickness of 200 nm,
and the top dielectric layer was a very thin layer of polystyrene (PS),
on which was an organic semiconductor layer made of either
trimethyl-[2,]quarter-thiophen-5-yl-silane (4T-TMS) or pentacene.

Semiconductor
Channel

The very thin embedded PS dielectric layer was formed by the
vertical phase separation of a 4T-TMS:PS blend after drop coating
(See the details in the Experiment section). The corresponding
scanning electron microscope (SEM) cross-section image of the
device is shown in Figure 1b, where the ZnO NPs layer, PS layer,
and 4T-TMS layer can be clearly identified. The optical response
spectrum is determined by the ZnO NPs layer. Figure 1c shows the
absorption spectrum of the ZnO NPs layer of 60 nm thick, where an
optical band gap of 3.4 eV for the ZnO NPs can be identified. The
thickness of this PS layer was controlled to be around 10 nm, which
was adjusted by changing the ratio of the 4T-TMS:PS blend.

The working process of the NPSGOFET photon counter is schem-
atically shown in Figure 1d. The photon counter works naturally at
the ON-state. In the dark, the ZnO NPs layer, as well as the PS layer,
acts as insulating dielectric layer. The holes injected from the source
electrode are built up at the 4T-TMS/PS interface because of the
insulating property of PS and the large energy difference between
the highest occupied molecular orbital (HOMO) of 4T-TMS
(—5.3 V) and the valence band of ZnO (—7.6 V). Driven by the
source-drain voltage, the carriers transport laterally to the drain
electrode. The absorption of UV photons by 4T-TMS and PS is small
due to their large bandgap and small thickness. Incident UV photons
excite electron-hole pairs in the ZnO NPs layer. Under the applied
negative gate bias, the electrons sweep crossing the ZnO NPs layer
and are confined at the ZnO/PS interface. The confined electrons at
the ZnO/PS interface impose a trapping effect to the transporting
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Figure 1| (a) Device structure of NPSGOFET photodetector; (b) SEM cross-section image of the NPSGOFET photodetector; (c) absorption spectrum of
the ZnO NPs photo-active layer; (d) schematic illustration of the detecting process and resetting process of the NPSGOFET photodetector.
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hole carriers in the nearby semiconductor channel by columbic
attraction, and thus result in a reduced source-drain output current
(Algp) in the OFETs. The Algp is correlated to the density of photo-
generated confined electrons at the ZnO/PS interface, and thus that
of incident light intensity. The confined electrons at the ZnO/PS
interface can be held for a very long time by the applied gate electric
field without recombination. Hence the Algp persists even after the
incident light is turned off. This is a major difference between our
NPSGOFET photon counter and conventional photoconductor or
diodes in which the current signal decays quickly once the light is
oft'*~*>. In the NPSGOFET, the Alyp, is determined by the amount of
absorbed photons rather than the intensity of the light, so that the
device works in a photon-counting mode. This photon counter can
count incident photons continuously and can be reset by a reserved
gate bias pulse. Under a reserved gate bias, the electrons at the ZnO/
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PS interface move toward the holes in the ZnO NPs layer and recom-
bine with them. As a result, the photon-induced traps disappear and
the channel current resumes its initial value.

Figure 2a show the typical transfer curve of the NPSGOFET device
in the dark and under UV illumination. The covering of ZnO NPs
with a thin layer of PS is critical for the NPSGOFET photon counter.
One of its functions is to flatten and encapsulate the surface of the
ZnO NPs layer so that the hole carriers are not trapped by the surface
defects on the ZnO NPs and the NPSGOFET can work as a normal
transistor device in the dark. The calculated hole mobility of the 4T-
TMS-based transistor in the dark is around 0.065 cm*/Vs, which is
comparable to the reported data’***. When the device was illumi-
nated by UV light, the channel current dropped immediately. No
channel current change was observed when the channel region was
illuminated by visible light (400 ~ 700 nm), which confirms that the
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Figure 2| (a) The transfer characteristics of the NPSGOFET photodetector in the dark (red) and under UV illumination (blue); (b) detecting and
resetting of the NPSGOFET detectors under UV pulses and positive gate voltage pulses, respectively; (c) exponential channel current decay of the
NPSGOFET devices under different UV light intensities; (d) the channel current decay rate as a function of the incident light intensity ranging from
2.6 photons/pm?s to 3.5 X 10* photons/pm?’s; (e) decay rate of the NPSGOFET photodetector at a weak UV power intensity of 2.6 photons/pum?s and
16 photons/pum?’s, respectively; the histograms of the current decay rate at the corresponding UV light intensities are also shown; (f) continuous photon
counting of the NPSGOFET photodetector under UV (193 nm) pulses with a pulse width of 12 nanosecond and interval of 200 ms. The response speed

was limited by the current measurement setup.
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current variation of the OFET was caused by the absorption of UV
light by the large bandgap ZnO NPs. The photon detecting and
resetting of the NPSGOFET was demonstrated by recording the
Algp under the illumination of a train of UV light pulses which
was followed by a reversed gate bias pulse after each light pulse. As
shown in Figure 2b, a UV light pulse with a duration of 0.5 seconds
caused a Alsp from 700 nA to 5 nA; and a ~40 ms reverse bias pulse
can recover the Igp to its initial value so that the NPSGOFET device
has a standard “optical write/electrical reset” working process.
Actually, the NPSGOFET device can also be partially reset by just
turning off the gate voltage, because turning off the gate bias releases
the confined electrons to the ZnO layer. An additional positive gate
voltage leads to a fast and complete resetting. The detector show
increased resistance (decreased current) by illumination, which
requires unique read-out circuits with a) mirror circuit scheme for
the current cancellation; or b) converting the device resistance
change into voltage output change®*. Such read-out schemes are
also used in other ultra-sensitive photodetectors such as supercon-
ducting single-photon detectors which have a similar response to
light.

To evaluate the sensitivity and linear dynamic range of this type of
photodetector, the variations of Iy, under different UV light intensity
was studied, where the different UV light intensities were generated
by a gallium nitride (GaN) light emitting diode (LED) (emission peak
at 345 nm) and attenuated with a set of neutral density filters
(Figure 2c). Under a constant UV light intensity, it was found that
the Isp decreased exponentially with time, because the photodetector
kept absorbing and counting photons. A stronger UV intensity
results in a faster decay rate (decay rate is defined as ksp =
—dlog(Isp)/dt). There is a background Isp decay of the device in
the dark, whose fluctuation determines the lowest light intensity that
can be measured (or noise equivalent power, (NEP)). For a better
understanding of the relationship between the current decay rates
and the UV light intensity, we plotted the kgp, obtained as a function
of the UV intensity in Figure 2d. The kgp linearly increases with the
incident UV light intensity in over four orders of magnitude from
2.6 photons/pum’s to 3.5 X 10* photons/pm?®s.

The Figure 2e show the kgp, of the NPSGOFET under a rectangular
UV light pulse with a light intensity of 2.6 photons/um’ and
16 photons/pm?s, respectively, demonstrating its capability in weak
light detecting. The distribution of the current decay rate in the dark
or under weak UV light (2.6 photons/um’s and 16 photons/um?s,
respectively) is shown in Figure 2d. The device have not approach
single photon counting yet because at its minimum detectable power
intensity level (2.6 photons/pm?s, i.e. 0.15 nW/cm?) it requires an
integration of tens of second to distinguish the signal from noise
(corresponding to ~100 photons/pm?). This low level light intensity
is among the lowest detectable light intensity by any un-cooled solid
state UV photodetectors****. It should be noted that the minimum
detectable light intensity is much smaller than that of the UV photo-
detector with a nanostructured ZnO photoconductor®”***, due to
the high gain from the super-float-gating mechanism inherent to the
NPSGOFET photon counter. The high sensitivity of these photode-
tector originates from the large photoconductive gain because a suf-
ficient supply of charge is provided by the source electrode and the
current change is due to the photo-induced conductivity change. The
long recombination lifetime of the confined electrons theoretically
can induce a very large gain to the NPSGOFET.

To demonstrate the light-pulse-counting capability of this type of
photodetector, the Alsp under a train of nano-second UV pulses was
recorded and is shown in Figure 2f. The UV light pulse train, with a
pulse width of 12 ns and an interval of 200 ms, was generated by an
excimer UV laser (BraggStar Industrial LN 1000). Since no recovery
period is required after each photon event, the NPSGOFET can
count photons continuously without dead time*. The Is, decreases
step by step upon each incident light pulse, and the I keeps

constant between each light pulse. This unique device behavior
enables the counting of light pulses with a single device without
sophisticated electronics which may find potential application in
optical communication. The device response time is shorter than
30 ms, which is limited by our current measurement system. On
the other hand, the unique “memory” function of such photodetec-
tors enables the separation of light detection and signal readout so
that the electronics do not need to have a quick read out speed, which
can be important in applications where the total incident photon
numbers are concerned, such as radiation detection*.

Super-gating mechanism. Similar to the QDSPD, the large photo-
conductive gain in the NPSGOFET gives the large signal output
(Algp) per incident photon and enables the weak light detection
close to the single-photon level. According to a previous analysis of
QDSPD, a linear variation of transistor output current with the
incident photons is expected if the charged ZnO NPs only work as
a floating gate to tune the apparent gate bias to the semiconductor
layer:

D
Alsp = gquNPh (1)

where g,,, is the transconductance of the transistor at a fixed gate bias,
qis the element charge, D is the distance between the gate and the QD
layer, ¢ is the electric permittivity of the space materials, and N, is
number of absorbed photons. But the NPSGOFET have an
exponential dependence of Alyp with the amount of absorbed
photons: Algp oc exp(—N,y). It is then expected that the charged
ZnO NPs close to the 4T-TMS/PS interface play additional roles in
addition to their function as a floating gate to change the effective
gate bias. To better understand the unprecedented high sensitivity of
the NPSGOFET photon counter at room temperature, a device
model was proposed to explain the exponential decrease of the
current under constant illumination.

The exponential Isp decays can be explained by the trap-induced
carrier mobility loss in the organic semiconductor channel of the
OFET. The Igp through the OFET in the saturation regime can be
described by

caw
Iop= HT (Ve—V,)? )
where u, C, W, L, Vyand V, are the hole mobility, specific dielectric
capacitance, channel width, channel length, gate bias, and threshold
voltage, respectively*. The mobility of the carriers (holes in 4T-TMS)
is very sensitive to the traps with an exponential dependence*"*?,

uoc exp(—AE;, /kT) (3)

where AE,, is the average energy trap depth caused by the columbic
interaction between the confined electrons at the PS/ZnO interface
and the transportin holes in the channel layer, which is schematically
illustrated in Figure 3a. It should be noted that the extremely sensitive
response of the carrier mobility of organic semiconductors to energy
traps was also applied for other types of detectors, such as chemical
sensors*~*. Such columbic interaction of the channel carriers and
confined charges was not considered in QDSPDs previously because
of the large separation between them in those devices (e.g. 100 nm)".
However, it becomes important in changing the current in the chan-
nel of NPSGOFETs because of: 1) the very thin separation layer
between them, which is the thickness of PS layer on the order of 5
~ 20 nm and 2) the low dielectric constant of PS (g, = 2.6).

Each confined electron at the PS/ZnO interface imposes a poten-
tial well for the transporting hole carriers in the organic semicon-
ducting channel due to the columbic force between them. The
average trap depth by all of the generated traps is expected to be
proportional to incident photons, or generated traps density (1,,(t)
at the ZnO/PS interface, as well as the trap depth of each individual
trap (AE .y Figure 3a)
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Figure 3| (a) Schematic illustration of the depth and cross-section of the potential well caused by photo-induced confined electrons; (b) calculated
channel current decay rate from the super-float-gating mechanism (dash line), the measured decay rate of the NPSGOFET device as a function of
the PS layer thickness was also shown (triangle). The inset shows the cross-section and trap depth of the potential well as a function of the PS layer
thickness. (c) variation of Ing of the NPSGOFET photodetector with different PS layer thickness.

AEtr(t) = CAEmaxScntr(t) (4)
where n,(tf) = aPt, which was determinate by UV light intensity (P,
in a unit of photons/pm?’s), the illuminating time (f), and the quan-
tum efficiency (a) of the trap formation by the incident photons; S, is
the cross-section of each trap defined in Figure 3a, and c is a constant
describing how each individual trap contributes to the average trap
depth. Therefore, one can derive

acAE 2 Se

T Pt)

ISD(t)ZIO exp(— (5)
where I, is the initial channel current. From Equation (5), we can
immediately determine the reason for the exponential decrease of the
channel current under constant UV illumination and that the decay
rate kgp is proportional to the UV light intensity (ksp = (AcAE 4, S./
kT)P). It is consistent with the experimental result (Figure 2b-e).
Based on the super-float-gating mechanism, the thickness of the
PS layer plays an important role in determining the sensitivity of the
NPSGOFET device. At a given trap density, a decreased PS thickness
gives an increased hole capture cross-section area and an increased
average trap depth, as illustrated in Figure 3a, both increasing ksp
The S, AE.x and kgp of the devices with varied PS thickness, from
30 nm to 5 nm, were calculated (see the method) and are shown in
Figure 3b. As can be seen from this figure, the current decay rate of
the NPSGOFET device (ie., sensitivity of such photodetectors)
increased dramatically when the PS thickness was less than 20 nm.
To verify this simulation, a series of devices with varied PS thickness
were fabricated. For a better control of the PS thickness, the PS layer
was spin coated from a pure PS solution. Then the semiconducting

layers (pentacene) were thermally deposited on the PS surface. The
current decay of the devices with different PS thicknesses under a UV
light of 3 pW/cm? is shown in Fig. 3¢, and the device output current
decay rate is also plotted in Figure 3b. The results clearly show that the
device performance is very sensitive to the thickness of the PS layer.
The experimental results agree with the predicted ksp very well with a
single fitting parameter ¢ of 0.013.

The NPSGOFET device still shows a weak response under UV
light when the PS layer exceeds 30 nm, probably because other
mechanisms also contribute to the detection, such as a regular float-
ing-gate mechanism. The current changes due to the floating-gate
mechanism, estimated from Eq. (1), are also shown in Figure 3c,
which is ten times lower than the super-float-gating mechanisms
when the PS is thinner than 10 nm. This analysis clearly shows
how the thickness of the PS layer determines the device’s sensitivity.
It should be noted that the transistor channel current is determined
by the channel width to length ratio (W/L) rather than channel area,
and the output current decay rate kgp is independent of the device
area. It means that different from photodiodes or photoconductors,
the signal (AIsp) of NPSGOFET devices does not scale with device
area. It is very attractive for the application of photodetector arrays in
which a high resolution can be achieved by scaling down the device
size without compromising sensitivity.

Effect of trapped electrons and infrared photodetector demon-
stration. In order to further confirm the super-gating mechanism
and the universal application of such a device structure, an UV and
infrared (UV-IR) photodetector based on same mechanism has been
fabricated. Lead sulfide (PbS) NPs were synthesized with a tunable
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size from 2 to 6 nm which extended the absorption of the active layer
from UV to near infrared region*®. PbS NPs with size of 3-4 nm,
which has an absorption cut off of 1,150 nm and band gap of about
1.1 eV, were mainly used in this study to demonstrate the working
principle of IR photodetectors although PbS NPs of all other sizes
work as well. Direct replacing ZnO NPs by lead sulfide (PbS) NPs in
the original device structure however did not yield a working device.
It is speculated that the lower LUMO of PbS NPs allows the injection
of holes from 4T-TMS into PbS under the strong gate electric field
and damaged the channel transport path. Other possibilities that
cause the failure of the devices such as incompatible interface of
PbS NPs Layer with polystyrene dielectric cannot be excluded.
Nevertheless, this issue can be resolved by inserting the ZnO NPs
between the PbS NP layer and SiO,, and the final device structure was
shown in Figure 4a. Since the ZnO NPs/PS interface is restored, this
device has similar response to UV light with the device shown in
Figure 1a. Under IR illumination with a wavelength of 900 nm, the
ZnO NPs were not excited directly due to its much larger band gap,
while trapped electrons can form at the ZnO/PS interface by the
photo-induced electron transfer from PbS to ZnO NPs, as
illustrated in Figure 4b. Therefore in addition to regular response
to UV light, these devices have response to IR. As shown in Figure 4a,
channel current reduction was observed when the photodetector
was illuminated by IR light. Although the sensitivity of such IR
photodetectors is not optimized yet, the result shown here clearly
demonstrated the super-gating mechanism can be used to develop IR
sensitive photodetectors by proper device designing. In addition, the
result also confirmed that the trapped electrons in the ZnO NPs layer
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Figure 4 | (a) Exponential channel current decay of the UV-IR NPSGOFET
under IR light pulse with a wavelength of 900 nm. Inset is the device
structure, where the PbS NPs layer was inserted between the SiO, and ZnO
NPs Layer. (b) Schematic illustration of the detecting process of the UV-IR
NPSGOFET photodetector, where the electrons was excited in PbS NPs
and then transport into ZnO NPs layer.

are responsible for the observed current reduction, and excluded
other possible reasons such as UV-irradiation caused organic
semiconductor degradation.

Discussion

As for the stability of the detector, permanent damage of the organic
materials by the incident UV light, especially deep UV, is possible,
which is a widely faced issues in the organic optoelectronic devices,
such as organic light-emitting diodes (OLEDs)***, organic pho-
tovoltaic devices (OPVs)*>®, and photodetectors*®'. In our study,
the photodetector do not show visible decay under a UV light illu-
mination of 200 hours with an intensity of 100 nW/cm®.

In summary, we have developed a novel NPs super-gated tran-
sistor for photon detection and counting with high sensitivity at
room temperature. The NPSGOFET device works in a super-float-
gating mechanism. The incident photons induce confined electrons
beneath the channel layer which tune the current flowing through
the transistor channel. The minimum demonstrated detectable UV
light intensity was 2.6 photons/pm?’s (0.15 nW/cm?*) which ranks the
NPSGOFET among the best UV photodetectors. The unique mem-
ory-like photodetecting process enables the NPSGOFET to count the
photons without dead time. A small spacing between the ZnO NPs
and the channel region is critical for the high device sensitivity
observed. The NPSGOFET devices have huge potential applications
for un-cooled, low bias, and low-cost, high-resolution photon
detector arrays or photon-manipulated computation.

Methods

Device fabrication. The device structure of the photon counter is schematically
shown in Figure 1a. Highly arsenic-doped silicon with a resistivity of 0.001 ~

0.005 ohm/cm covered with 200 nm thermal grown silicon oxide (SiO,) was used as
gate electrode and dielectric layer, respectively. After UV-ozone treatment of the SiO,
surface, a ZnO NPs layer with a thickness of about 60 nm was spin coated from a
ZnO:chlorobenzene (2.5 wt%) solution at 3000 rpm for 40 s. The ZnO NPs layer was
then thermally annealed in air at 260°C for 30 min.

For the fabrication of the semiconductor film, the trimethyl-[2,5'5',2",5",2"]
quarter-thiophen-5-yl-silane (4T-TMS) and polystyrene (PS) (9:1 by wt) was first
dissolved in 1, 2-dichlorobenzene (DCB) (4 mg/ml in all); and then the solution was
drop coated on the ZnO surface, during which the substrate was located on a titled
hotplate. The tilting angle was 2.5°, and the drying temperature was 80°C. During the
drying process, there was a vertical phase separation between the PS and 4T-TMS
components, which resulted in a bilayer structure of PS/4T-TMS with the PS thin film
attached on the ZnO surface. Finally, gold (Au) source and drain electrodes were
thermal evaporated with a channel length and width of 100 pm and 1 mm,
respectively. The electrical characteristics of the devices were measured using two
Keithley 2400 Source Meters in ambient conditions.

Light detecting. The UV light was emitted from deep UV light emitting diodes (LED)
with a wavelength of 345 nm (UVTOP®345T0O39/TO18FW, Sensor Electronic
Technology, Inc.). The photodetector and the UV LED were located in a metal box to
exclude the ambient light. The UV intensity was controlled by changing the driving
current of the diodes and using neutral filters. The incident light intensity was
calibrated with a UV photodetector before applying the filters.

Modeling of device sensitivity versus PS thickness. The influence of the PS thickness
(d) on the decay rate of the device current under illumination was estimated as below:

1)  Thecross-section of the photon-induced high resistance region (Figure 3a) was:
Sc=nr? (6)

Here, a critical boundary was defined for the trapping cross-section with a
radius of 7. in which within the thermal activation energy of electrons was no

more than the potential depth, i.e., g / 4me g9V d? +r? > kT, where ¢, was the

relative dielectric constant of PS (2.6), &y was the dielectric constant of vacuum,
r was the horizontal distance between the hole and the confined electron, k was
the Boltzmann constant, and T was the room temperature. A reduced d resulted
in an increased r, and, hence, an increased S..

2) A reduced PS thickness also resulted in deeper traps which caused larger velo-
city loss of transporting holes. The maximum value of the depth was:
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The decay rates ksp of the NPSGOFET device can be predicted from Eq. (5)-(7)
as shown in Figure 3b, where the trap formation efficiency a (38%) was assumed
to be equal to the absorbance at 345 nm (Figure 1d).
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