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Conventional a-Si:H phototransistors exhibit poor photosensitivity due to low photo-conversion ef-
ficiency. To overcome this intrinsic limit, we introduce gate underlap in a-Si:H phototransistors
and demonstrate photosensitivity enhancement. We show that photocurrent can be significantly
larger than dark current by 4 orders of magnitude, using 1-um gate underlap at incident optical
power density (P;,.) of 3.2 W/cm?. Our 1-um gate-underlap phototransistor exhibits higher photo-
sensitivity than the device without gate underlap by 64 times with P;,. =0.2 W/cm? and a wave-
length of 785nm. Our gate-underlapped phototransistors also show excellent time-resolved
photoswitching behaviors, demonstrating the great potential for highly sensitive photodetectors.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935979]

Since the concept of ubiquitous computing was outlined
by Mark Weiser, interactive display technologies have been
widely explored.! The interactive display plays a great role
in the ubiquitous computing system that can carry out real-
time interaction between humans and digital devices by sens-
ing user’s motion or touch.> An infrared (IR) photosensor
composed of photodiode or phototransistor array might be
most suitable for actual applications because it can easily
detect user’s motion with or without physical contact and
map into images from the input signals.> Some important
properties required for photosensors are low cost, high sensi-
tivity, and the integration of sensors into active matrix dis-
play backplane. In this regard, hydrogenated amorphous
silicon (a-Si:H) based devices have been considered and
adopted as a strong candidate for various photosensor appli-
cations due to the favorable properties for the requirements
mentioned above.®® However, the a-Si:H leads to low
photo-conversion (photon to excess carriers) efficiency,
which intrinsically limits its use for high-sensitivity photode-
tectors having a large signal-to-noise ratio.” In this work, we
demonstrate significant enhancement of photosensitivity in
a-Si:H phototransistors based on the novel gate-underlapped
structure that we have previously developed for the layered-
semiconductor thin-film transistors (TFTs) where the
photoresponsivity of indirect-bandgap multilayer MoS, pho-
totransistor was significantly enhanced by 3 orders of magni-
tude as compared to a device without gate underlap.'®!'" The
geometrical effects on electrical and optical properties with
different lengths of ungated region (gate underlap) will be
discussed in detail. By introducing gate underlap, electrical
properties such as mobility and on/off current ratio (/1)
are degraded accordingly, but it can significantly enhance
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the photosensitivity of a-Si:H device. Finally, time-resolved
photoresponse measurement is performed to evaluate photo-
switching capability of our gate-underlapped a-Si:H TFT.

Figures 1(a) and 1(b) show a 2D cross-section view and
an optical micrograph of the fabricated a-Si:H TFT with
gate underlap on a glass substrate. The gate length is shorter
than the channel length due to the ungated channel (gate
underlap) region. A 200-nm-thick Cr gate electrode was de-
posited on the substrate by sputtering and it forms a bottom-
gate geometry. A tri-layer comprising SiNy gate insulator
(400 nm), a-Si:H active layer (170 nm, the doping concentra-
tion of 10"°cm ™), and n" a-Si:H layer (70 nm, the doping
concentration of 10'°-10?°cm ) was deposited without vac-
uum break by plasma-enhanced chemical vapor deposition
(PECVD).]2 An electron-beam evaporated Ti/Au (20/
200nm) was used as source/drain (S/D) electrodes. After
patterning the S/D electrodes, back channel etch (BCE) tech-
nique was conducted to remove the n* a-SiH in the back
channel region. All patterning process was performed by
standard photolithography, dry and wet etching. To investi-
gate the effect of the different device geometry, the gate
underlap lengths (L) of Oum, 1 um and 2 um were used
without changing the channel length (L =10 um) and the
width (W =15 um). Electrical measurements of the a-Si:H
TFTs were performed using a semiconductor characteriza-
tion system (Keithley 4200 SCS) at room temperature in
atmospheric environments.

Figure 2(a), which is transfer characteristics of a-Si:H
TFTs with and without gate underlap at drain voltage (V)
of 1V, exhibits the significant suppression of on current as L’
increases. The field-effect mobilities (u.4) of the 0-um,
1-um, and 2-um gate-underlap TFTs were extracted to be
0.29, 0.05, and 0.02 cm?/V s, respectively. This can be under-
stood from the fact that the gate modulation is inefficient in
the ungated region of the bottom-gate TFTs and the gate
underlap behaves like a series resistor both at the source and

© 2015 AIP Publishing LLC
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FIG. 1. (a) 2D cross-sectional sche-
matic of a bottom-gate a-Si:H TFT
with gate underlap. The dashed lines
indicate the length of gate underlap
(L"). (b) Optical microscope image in
top view of the fabricated a-Si:H TFT.
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the drain sides.'! Other performance metrics of transistors
such as on-off current ratio (/,,/I,;) and subthreshold swing
(SS) are also gradually degraded with the gate underlap.
Figure 2(b) compares the output characteristics (I;—V,;) of
the a-Si:H TFTs. For the sake of discussion, we adjusted the
current level of two gate-underlapped TFTs in Fig. 2(b) to
compare the device characteristics properly. It clearly shows
that, as the gate underlap increases, non-linear behavior
becomes more significant as usually observed in Schottky-
barrier field-effect transistors, which indicates the weak
interconnection of channel with the source/drain contacts
through the large gate underlap.

Next, we investigated optoelectronic properties of the
bottom-gate a-Si:H TFTs with gate underlap and compared
against the device without gate underlap. We measured the
transfer characteristics repeatedly at various incident optical
power densities of 0.2, 0.4, 0.8, 1.6, and 3.2 W/cm? with a
fixed wavelength of 785 nm (near IR) as well as under a dark
condition. Figures 3(a)-3(c) show the transfer characteristics
of the a-Si:H TFTs without gate underlap and with 1-um and
2-um gate underlap, respectively. In all cases, under the inci-
dent light, electron-hole pairs are generated in the channel
region, and the excess carriers increase the total current of

V as a step of 5V

FIG. 2. (a) Transfer characteristics of
the bottom-gate a-Si:H TFTs at
Vas=1V with various gate underlap
lengths. (b) Output characteristics of
the same phototransistors. The current
level was adjusted for 1-um and 2-um
gate underlap devices for the sake of
discussion and comparison.
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the device. The increase in the current by comparison with
the dark current is photocurrent (/,,;,) induced by photo illumi-
nation, which is directly affected by the optical power density
of the incident light as shown in Fig. 3. In the presence of gate
underlap, holes can be accumulated in the bottom-gate region,
which reduces the potential barrier for electrons, boosting
thermionic current further.'! Consequently, as the length of
gate underlap increases, the difference between the total
current under illumination (/,,,,;) and the dark current (/;,,+)
increases, particularly at the on state, as presented in Figs.
3(b) and 3(c).

To understand the role of gate underlap, we have meas-
ured [,V characteristics of a floating gate a-Si:H TFT
(using the structure without gate underlap), which can be
regarded as a two-terminal resistor, under illumination with
various incident optical power densities. First, Fig. 4(a)
shows symmetry with respect to the origin at V, =0V,
which clearly indicates that the quality of contacts in our de-
vice is controlled perfectly during the fabrication process
and the source and the drain have the same level of contact
quality. Second, as we can see in Fig. 4(a), the total current
increases dramatically under illumination. We have also
plotted resistance as a function of incident optical power
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FIG. 3. Transfer curves under illumination at various incident optical power densities for a-Si:H phototransistors (a) without gate underlap (L’ =0 um), and
with gate underlap of (b) L’ =1 um and (c) L’ =2 um at V=1 V. Wavelength of the laser is 785 nm and incident optical power densities are 0, 0.2, 0.4, 0.8,

1.6, and 3.2 W/cm?>.
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FIG. 4. (a) 1,V 4 curves for a floating gate a-Si:H TFT without gate underlap at the dark state and under illumination at various light power densities of 0.2,
0.4, 0.8, 1.6, and 3.2 W/cm? with the laser wavelength of 785 nm. (b) Resistance as a function of incident optical power density. (c) Band diagram under illumi-
nation (red solid lines) at V;, > 0. Blue dotted lines show conduction and valence bands at the dark state.

density in Fig. 4(b), which shows that the resistance reduces
significantly even with very weak incident optical power
density, i.e., by ~3 orders of magnitude at 0.2 W/cm® as
compared to the dark state. This can be attributed to
Schottky barrier thinning at the contact-channel interface as
shown in Fig. 4(c). Carriers generated during the illumina-
tion are accumulated at the interface (electrons at the drain
side, and holes at the source side when a positive V is
applied), which lower potential barrier height, resulting in
thinner Schottky barrier and significantly lager carrier injec-
tion from the contact to the channel. As the incident optical
power density increases, the resistance reduces even further,
but it is saturated to a certain value as shown in Fig. 4(b),
where the resistance does not decrease linearly with the
increase in the incident optical power density since the
increased number of electrons injected from the source due
to the barrier thinning, in turn, increases the potential barrier
by a certain amount, making the increase of power density
(increasing the number of photons and electron-hole pairs)
less effective in reducing the contact resistance, particularly
at high optical power densities.

In order to quantify the effect of photo-illumination for
various gate underlap lengths in the bottom-gate a-Si:H
TFTs, we have plotted the sensitivity as a function of gate
underlap length for different light power density in Fig. 5(a).
Photosensitivity (S) or signal-to-noise ratio, which provides
the practical figure-of-merit for photodetectors, can be
defined as'*'*

In general, the photosensitivity calculated based on the mea-
surement data (Fig. 3) exhibits an increasing behavior with the
length of gate underlap. Furthermore, the increase rate of sensi-
tivity is drastically higher at larger incident optical power den-
sities as shown in Fig. 5(a). Consequently, the photocurrent can
be larger than the dark current by 4 orders of magnitude with 1-
pum gate underlap at 3.2W/cm?® of light power density.
Sensitivity ratio of the device with 1-um gate underlap to the
device without gate underlap (S — 1 um/Sz — 0um) at the incident
optical power density of 0.2 W/cm? is shown in Fig. 5(b), which
reaches its peak at V,, of 1.5 V. At this point, the sensitivity of
the 1-um gate underlap phototransistor is larger than that of the
device without gate underlap by 64-fold. In a real image appli-
cation, the most valuable figure of merit for a phototransistor/
photodetector is a linear dynamic range (LDR), defined as 20 x
logoUpi/lar) to identify the sensitivity of a photodetector. In
this work, gate underlap leads to high photosensitivity (a large
signal-to-noise ratio) as I, is significantly decreased while
keeping the similar level of 1,,,, and our relatively simple modi-
fication of phototransistor structure can greatly enhance the pho-
tosensing performance of a-Si:H phototransistors.

Finally, in order to characterize the photoswitching
behavior of our a-Si:H TFTs with gate underlap, we measured
time-resolved photoresponse of the a-Si:H TFT with
L' =1 pum as shown in Fig. 5(c). The measurement was con-
ducted at V=0V and V4 =10V with a 785-nm laser at dif-
ferent incident optical power densities (0.2, 0.4, 0.8, 1.6, and
3.2W/cm?). As the illuminating light was switched on and off
with a period of 20 s, the photocurrent responded immediately.

S (%) = signal _ Lo = laark % 100 = pn x 100. (1)  This excellent photoresponse near IR range demonstrates the
noise Laark Laark practical potential application of a-Si:H phototransistors.
(@) (b) <o (c)
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FIG. 5. (a) Extracted sensitivities from Fig. 3 as a function of gate underlap length for different incident optical power densities at V,,=1.5 V. (b) Sensitivity
ratio of the device with gate underlap (L' = 1 um) to the device without gate underlap (L' =0 um) at the incident optical power density of 0.2 W/cm?. (c) Time-
resolved photoswitching behavior of the gate-underlapped a-Si:H phototransistor (L' = 1 um). The incident laser was switched on and off at every 10s.
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In summary, we fabricated a-Si:H thin-film phototran-
sistors including gate-underlap region, and studied the elec-
trical and optical characteristics by varying the length of gate
underlap. Our gate-underlapped a-Si:H phototransistor
exhibited high sensitivity, which can be enhanced by 64
times as compared to the device without gate underlap. This
huge photosensitivity and its excellent photoswitching
behavior suggest that our bottom-gate a-Si:H phototransistor
with gate underlap can be a promising candidate of photode-
tectors for highly sensitive interactive displays as well as
other large-area photosensor applications.

This work was supported in part by the National
Research Foundation of Korea (2013M3C1A3059590,
2014M3A9D7070732, and 2013K1A3A1A32035549) and in
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