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We report the first implementation of a complementary circuit using thin-film source-gated transistors
(SGTs). The n-channel and p-channel SGTs were fabricated using the inorganic and organic
semiconductors amorphous INnGaZnO (IGZO) and dinaphthol2,3-b:2’,3’-flthieno[3,2-blthiophene (DNTT),
respectively. The SGTs exhibit flat output characteristics and early saturation (dVpsat/dVgs = 0.2 and 0.3,
respectively), even in the absence of lateral field-relief structures, thanks to the rectifying source
contacts realized with Pt and Ni, respectively. Hence, the complementary inverter shows excellent
small-signal gain of 368 V V! and noise margin exceeding 94% of the theoretical maximum. We show
that the trip point of such inverters can be tuned optically, with interesting applications in compact
detectors and sensors. Numerical simulation, using Silvaco ATLAS, reveals that optimized and
monolithically-integrated SGT-based complementary inverters may reach a small-signal gain over
9000 V V™% making them highly suited to low and moderate speed digital thin-film applications. This
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proof-of-concept demonstration provides encouraging results for further integration and circuit level
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Introduction

Traditionally used in display panels, thin-film transistor (TFT)
circuits are expanding to cover a wide range of applications.™®
While current density, cut-off frequency and transconductance
are important for driving large loads at high frequencies,
properties such as: stability under electrical, thermal, and
optical stress; ease of fabrication with good performance uni-
formity; and cost of production over large areas are important
for viable commercial application.”®

Metal oxide semiconductors show great potential for future
analog and digital applications due to their high electrical
performance, comparatively low-cost fabrication and ability to
easily tune their properties via material composition and
processing.>*'® Such materials offer predominantly unipolar
carrier transport, with one of the most widely adopted, indium-
gallium-zinc oxide (IGZO), operating with electron conduction.'*
Hole-conducting oxides are being actively researched and recent
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progress focuses on simultaneously obtaining high charge-carrier
mobility and an adequate on/off current ratio.'?

This is important because, for complementary digital logic
circuits, a large mismatch in carrier mobility and thus on-
current density needs to be compensated by proportional sizing
of the respective transistors," which in some cases can be quite
extreme. Device stability and off-current-related challenges in
p-channel amorphous oxides have been persistent and are still
hampering development of commercial applications.”*"*

Ideally, complementary logic would be used, as opposed to
unipolar circuits, because of the compact footprint and the
negligible standby power dissipation.’® Thus, it is favorable to
attempt to create n- and p-channel transistors with closely
matched on-state current density. A comprehensive review by
Nomura'® covers the design considerations, as well as various
implementations of complementary inverters. The highest
small-signal gain obtained by the complementary inverters
reviewed produced a value up to 123 V V™" at a supply voltage
of 10 V and with a power consumption of 9.8 pW.® This result
was obtained using p-channel TFTs based on semiconducting
carbon nanotubes (CNTs). Although CNT-based technologies
are attractive for their high performance, the associated safety
and toxicity concerns'’ render them less favorable than many
alternatives.

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0001-6145-9243
https://orcid.org/0009-0002-7384-061X
https://orcid.org/0000-0002-9575-6112
https://orcid.org/0000-0003-4563-5635
https://orcid.org/0000-0002-3759-3255
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tc02474a&domain=pdf&date_stamp=2023-08-15
https://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc02474a
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC011034

Open Access Article. Published on 08 agosto 2023. Downloaded on 03/11/2025 12:58:03.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Organic semiconductors have a long history of development,
with a majority of available materials showing hole conduction.
A wide selection of materials with relatively high mobilities are
available, and, even as the current density is not quite on par
with that of InGaZnO (IGZO) transistors, complementary logic
circuits have been successfully demonstrated.'® Inverters with
ZnO n-channel and pentacene p-channel TFTs are capable of
delivering a gain of around 100 V V' at Vpp = 7 V and a much
lower power consumption of 0.7 nW.'® Another typical imple-
mentation demonstrated complementary inverters based on
In,0;/Zn0 heterostructure n-channel TFTs with small molecule
2,7-dioctyl[1]-benzothieno[3,2-b][1]benzothiophene (C8-BTBT)
and polymer indaceno-dithiophene-benzothiadiazole (C16IDT-
BT) blend p-channel TFTs. The inverters produced a small-
signal gain of 30 V V! at supply voltage Vpp = 60 V.'® These
results were obtained with devices that required relatively large
footprints (W/L = 500/90 um and 500/90 pum for the former
n- and p-channel devices, while W/L = 1000/80 um and 1000/50 pm
interdigitated channel for the latter).

Here, we show a proof of concept realization of complementary
logic operation using n-channel (IGZO-based) and p-channel
(dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene’(DNTT)-based)
transistors realized using vacuum processing in a source-gated
transistor (SGT)**?? architecture. The advantage of our approach is
that the transistors display high intrinsic gain and low-voltage
saturation, promoting a sharp logic transition with good noise
margin in a complementary inverter configuration,” with very small
standby-power dissipation.>* In principle, the channel length could
also be reduced significantly without suffering from deleterious
scaling effects.>>*® Highly pertinent to digital logic applications,
by relying on the contact barrier introduced at the source electrode to
tailor the current density, the two transistors show similar on-current
levels, which permits close to equal sizing in the circuit layout.

Si Gate
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To our knowledge, this is the first report of a source-gated
transistor-based complementary inverter. The circuit shows
highly promising low-frequency metrics using transistors having
a channel width on the order of 100 pm. At a supply voltage of
40 V, the inverter has a small-signal gain of 368 V V', a noise
margin of 94%, and standby currents below the noise floor of the
measurement setup in either logic state. Hence, the static power
dissipation is in the sub-nW range, a performance which cannot
be attained by unipolar inverters using only enhancement-mode
transistors.

This report first presents the electrical characteristics of
the IGZO and DNTT SGTs. Subsequently, the switching perfor-
mance of the complementary inverter is discussed. Finally, a set of
TCAD simulations are shown, which extrapolate the steady-state-
performance characteristics of the complementary inverter to
ascertain the potential advantages of a fully integrated solution.

Results and discussion

Thin-film transistor fabrication and characterization

IGZO and DNTT transistors have been fabricated on different
substrates using the methods outlined in the Experimental
Section. Due to their similar principal mode of operation, namely
as contact-controlled, Schottky-barrier source-gated transistors,”” >
their electrical behavior will be described jointly.

Fig. 1 shows the schematic cross sections and optical micro-
graphs of the fabricated thin-film transistors. Both the inorganic
IGZO SGTs (Fig. 1(a) and (b)) organic DNTT SGTs (Fig. 1(c) and (d))
were fabricated in the staggered-electrode configuration, using
a doped silicon wafer as a back gate. The active semiconductor
island is patterned in both cases, however, in the case of DNTT,
this extends fully underneath and beyond the top electrodes.

Active island

Fig. 1 Schematic cross-sections (a), (c) and optical micrographs (b), (d) of staggered-electrode thin-film source gated transistors (SGTs) made with IGZO
(a), (b) and DNTT (c), (d) via vacuum processing. Indicated are the source-gate overlap (S) and source—drain gap (d) along with the chemical structure of
DNTT in the inset of (c). Due to the injection principles of SGTs, the source-gate overlap, S, of the active layer is a design parameter and is distinguished
from source length. (e) Schematic representation of the source pinch-off condition showing the depletion envelope (dotted line) and the capacitive
voltage divider pinning the voltage at the semiconductor—insulator interface to Vpsat1. @s a sub-unity ratio of gate overdrive voltage.
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The top electrode metals are deliberately chosen to produce
a weakly rectifying contact, to achieve source-gated transistor
(SGT) operation.?”?° In the case of the DNTT SGT, both the
source and the drain are made using nickel. The rectifying
drain contact usually plays very little role in the region of
operation considered, as it is forward-biased and significantly
more conductive than the semiconductor channel and the
reverse-biased source contact. The IGZO SGT has a rectifying
platinum source and an Ohmic titanium drain contact.

To briefly review the distinct operation of source-gated
transistors (Table 1), the rectifying source contact induces a
depletion region within the semiconductor. When a relatively
small drain-source voltage is applied, this depletion condition
extends across the entire width of the semiconductor in the
region of the source edge closest to the drain.*’ Fig. 1(e)
describes schematically the behavior of an n-channel SGT.
A positive gate-source voltage creates an accumulation layer,
not only between the source and the drain (the geometrical
separation d in Fig. 1 is equivalent in the first order to a
conventional TFT’s geometrical channel), but also underneath
the source contact, where the gate and the source overlap over
distance S (Fig. 1).”® This conductive layer is pinched off at the
source edge by the application of a small drain-source voltage,
resulting in the saturation of the output characteristics at a
drain-source voltage Vps proportional to the overdrive voltage
Vas — Vin, Where Vy, is the notional threshold voltage of the
device, but also to the ratio of the potential divider formed by
the specific capacitances of the depleted semiconductor and
the gate insulator.””**?° It follows that, for a semiconductor
with a large capacitance and a gate insulator of relatively low
capacitance, the saturation voltage in SGTs can be substantially
lower than in TFTs, as is its change with the applied gate-source
voltage.*® Moreover, since the source area is responsible for
restricting the current through the transistor,”® any variations of
the geometrical or electrical properties within the source-drain
gap (ie., the channel) of the device will be well tolerated.>®
With adequate design, the SGT can produce extremely flat output
characteristics even in challenging material conditions.>**"
Together, these properties recommend source-gated transistors
for a wide range of analog and digital functions.

View Article Online
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DC output and transfer curves for DNTT and IGZO transis-
tors are shown in Fig. 2. Both transistors show an on-off ratio
of 107, with off-state drain currents below the noise floor of the
measurement equipment (about 10~ > A). Importantly, the
on-state drain current is comparable, on the order of 10 pA
when operating in saturation at |Vgs| = 20 V. Considering
the similar channel width of the IGZO (W = 90 pm) and DNTT
(W = 200 pm) SGTs, this feature is encouraging for sensible
implementation of digital logic functions. The DNTT transistor
is normally off, with a small negative onset voltage. In the case
of the IGZO SGT, the onset voltage is positive and comparatively
large. As a result, we expect that complementary inverter
characteristics will exhibit a shift in the switching voltage.

The SGTs output characteristics (Fig. 2(b)) show early satura-
tion in either type of device, with calculated saturation coeffi-
cient ypnrr = 0.26 and y;gz0 = 0.21 comparing favorably to the
extracted dVpsar/dVgs values of 0.3 and 0.2, respectively.*®
At high absolute gate-source voltage, both transistors exhibit
negative differential resistance in the output curves. This has
been observed in several SGT implementations®***** and will be
investigated separately. Nevertheless, flat output characteristics
are obtained across a large range of operating conditions. Overall,
these properties are close to ideal, and well suited to comple-
mentary digital logic realization.

Fig. 2 shows the effect of incident light (Fig. 2(c)) on the
transfer curves (Fig. 2(d)). While a full treatment is beyond
the scope of this study, the DNTT SGTs show a strong response
in the subthreshold region,”® whereas this effect is far less
pronounced in the IGZO transistors, owing to the wavelength
considered and potentially to the shielding effect of the stag-
gered electrode configuration. The low off-state current is
maintained in both cases, as is the relatively low photosensi-
tivity of the on-current at high absolute gate-source voltages.
This dissimilar behavior is interesting to note in the context of
future sensor development.

Inverter-circuit characterization

A complementary inverter circuit was realized with the two
types of SGTs by making the connections via the probe station
and source-measure unit, as previously reported.>* Since this

Table 1 Qualitative comparison of conventional Ohmic-contact transistors and source-gated transistors in several metrics of interest to thin-film

applications, adapted from Wang et al??

Performance

characteristic TFT SGT

Vbsar High Low

dVpsar/dVgs 1 «1

Drain current High Low

Power consumption High Low

Output impedance in saturation Low High

Intrinsic gain Low High

Off-current Moderate Low

Transconductance High (quadratic) Low (Linear/exponential)
Contact resistance Low High

Immunity to short channel effects Poor Excellent

Current stability in disordered semiconductors Poor Good

Temperature dependence Low High or low (design dependent)
Maximum operating frequency Good Moderate/poor

1690 | J Mater. Chem. C, 2023, 11, 11688-11696

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc02474a

Open Access Article. Published on 08 agosto 2023. Downloaded on 03/11/2025 12:58:03.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry C
a b 6 Vigmin= -30 V Vesmax=30V € e d -4
DNTT 1620 5x10 Gs NIy GS d)600 Picigent = 2192 pW 10™3DNTT —
10754 r\;ep\Z\_/ 2 500 ~— Smoothed 1
—~ 4x10°8 e Q. 10
< @ <
; 10-7_ o 400 - :_',’ 8"
5 3x10° O S 10%]
% — ° 3004 % Pincident
9] Q o W
= 10 2x10°+ —————— & 200 c 10'1°=(u_i1
© o (0]
= @ = 1— 153 o
S 4011 : 2100+ S {ii
10 6 | ———— ® 107124 738
1x10 - 2 fi |
ot 0 — < "I"w__ % L e
40 -20 0 20 40 -30 -20 -10 0 10 20 30 300 600 900 -40-20 0 20 40
Gate-source voltage (V) Drain-source voltage (V) Wavelength (nm) Gate-source voltage (V)

Fig. 2 (a) Transfer and (b) output characteristics for the IGZO and DNTT SGTs having channel widths Wpnrr = 200 pm and W gzo = 90 um. Both transistors
operate in enhancement mode, have large on—off current ratio and similar on-state drain currents; (c) measured spectral response of the light source used for
photostimulation; (d) transfer characteristics for the IGZO and DNTT SGTs under illumination using the light source in (c) at different intensities.
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Fig. 3 Low-frequency electrical characteristics of complementary inverters made with IGZO and DNTT source-gated transistors. (a) Inverter transfer
curves at several power supply voltages, Vpp, with circuit diagram inset; (b) circuit diagrams for n-channel (top) and p-channel (bottom) diode-load
unipolar inverters; (c) detail of the region of interest around the switching voltage for the curves in (a); (d) voltage gain of the inverter circuit in (a) shown
for the region of interest around the switching voltage with noise margin calculation for the inverter operating at Vpp = 40 V; (e) inverter transfer
characteristic under different illumination intensities; (f) inverter gain under different illumination intensities.

method introduces extremely large parasitic capacitances in
relation to the drive capability of the realized transistors,
dynamic measurements would not have been representative
and thus have been omitted. The parasitic resistances, however,
are unlikely to play a significant role. The total resistance from

This journal is © The Royal Society of Chemistry 2023

source-measure unit to probe pad ranges from 0.2 to 2.1 Q per
channel, creating at most microvolts of series voltage drop,
which does not represent a measurable contribution to either
transistor output characteristics or the static performance of
the circuit.

J. Mater. Chem. C, 2023, 11, 11688-11696 | 11691
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The DC characteristics of the complementary inverters are
presented in Fig. 3.

Fig. 3(a) shows the transfer curve of the complementary
inverter (schematic shown in the inset), measured at different
supply voltages. As expected, the transitions are sharp and the
switching voltage tends to the center of the supply voltage (Vpp)
range, as the current capability of the two devices matches
closely at higher absolute drive voltage.

If implementation is practical, complementary realization
of inverters is preferred to unipolar'” (e.g. diode-load circuits as
illustrated in Fig. 3(b)), due to the fact that power dissipation is
practically negligible in both logic states, with one of the
transistors connected in series being turned off in this configu-
ration. Fig. 3(c) shows a magnified view of the input voltage
region of interest. In this same range of voltages, Fig. 3(d)
shows the voltage gain, which peaks at 368 VV ' at Vpp =40V,
a value in excess of any reasonable requirement and similar
to that of complementary inverters based on organic TFTs.*®
This is encouraging performance, considering that the consti-
tuent transistors did not include any lateral field-relief
structures.>*°?*36738 The switching current exhibited for the
small input voltage interval in which both transistors are
conducting reaches a maximum of 130.5 nA for Vpp = 40 V,
for transistors with a channel width on the order of 100 um.
The switching power dissipation could be reduced by decreas-
ing the channel width, but more so by increasing the effective
energy barrier at the source contact. The decrease in drive
current and transconductance will naturally result in a lower
cut-off frequency. Depending on the application, this may be
a suitable trade-off. For example, bio-signal recording or
environmental monitoring applications require a modest
bandwidth,*® and the power saving would be preferred.

For the case when the inverter trip point approaches Vpp/2,
the noise margin performance is also excellent, with values in
excess of 18.8 V (94% of the theoretical maximum) for either
logic values at Vpp = 40 V (Fig. 3(f)).

The effects of photostimulation are shown in Fig. 3(g) and (h).

For digital applications, the shift in the tripping voltage of a
complementary inverter could be used to sense incident light
above a certain intensity by means of a change of logic state at a
given bias point. More generally, the change in inverter gain
could also be used in an analog implementation using feedback
to translate changes in light intensity to voltage, current, or
frequency changes.

The current demonstration is a first step toward proving
the merits of this approach. Naturally, the integration of the
organic and inorganic transistor poses its own challenges, and
deserves due care and consideration, not least because of the
different chemical and mechanical resilience of the two active
materials. It should be, however, simply a matter of judicious
process design, as reports exist of successfully co-patterning such
active layers, including vacuum and solution techniques.*®™

Numerical simulation of source-gated transistors and inverters

A qualitative, first order simulation of the two types of transis-
tors has been performed with Silvaco ATLAS. While our models

1692 | J Mater. Chem. C, 2023, 11, 11688-11696
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can reproduce measured devices with great fidelity,** here, the
focus was on showing the net benefit of utilizing the comple-
mentary configuration over the diode-load topology for the
inverter, realized with thin-film source-gated transistors.

Output characteristics (Fig. 4(a) and (b)) show typical early
saturation and flat output characteristics. From our observa-
tions, the negative differential resistance observed in fabricated
devices (Fig. 2(b)) is bias-time dependent and is unable to be
captured by the conventional d.c. “solve” statements in ATLAS.
In future, we will be investigating these effects, along with their
influence on the static and dynamic performance of logic gates
in more detail.

Transfer characteristics (Fig. 4(c) and (d)) show enhancement-
mode operation, suitable for logic gate realization in either diode-
load or complementary topology.

Fig. 4(e) and (f) show the evolution of essential ingredients
for the intrinsic-gain performance of each transistor, namely
output conductance (gq) and transconductance (g,). Since
A, = gmlgaq, ideally, g, should be large and g4 small. Owing to
the pinch-off process of the source-gated transistor configu-
ration, saturated output curves can be very flat indeed, with
extremely low values of gg.

It is interesting to note in Fig. 4(e) that both transistors show
two plateaus in their g4 values, corresponding to applied drain
voltages between the source pinch-off voltage (Vpsar:) and the
drain pinch-off voltage (Vpsar2) and above Vpgsars, respectively,
as noted and analyzed previously,>*?%*%*> although this
behavior cannot be inferred simply by inspecting the output
characteristics, as the change in slope is practically negligible
in both ranges.*

Transconductance (Fig. 4(f)) is comparatively low in
both transistors, expected due to the constraint imposed on
the drain current by the limiting process arising at the source
contact. Even so, the intrinsic gain in these devices is 10°-10*
at low Vpg and over 10° at high Vpg. Thus, we expect that
circuit configurations which make full use of the transistor’s
gain performance (complementary and, not applicable
here, zero-Vgs) would exhibit sharp transitions between logic
states.

The diode-load inverter (Fig. 3(b)) is not able to achieve
high gain, because the load device is always in a relatively low
impedance state.** Thus, as Fig. 4(g) and (h) show, the
circuits are functional but have modest low-frequency
switching performance. Conversely, the complementary
inverter (Fig. 4(i)) exhibits a very sharp state transition,
which makes it difficult for the numerical simulator to attain
convergence. From the computed data, it is clear that the
gain of this circuit is much superior to the diode-load
configuration, making a strong case for complementary logic
implementations. This holds true even if in this comparison
no effort was made to position the trip point of the inverter in
the middle of the supply voltage range, by geometrically
matching the current drive of the n-channel and p-channel
transistors, as, qualitatively, the result would have been
similar, but at great time expense due to difficult numerical
convergence.

This journal is © The Royal Society of Chemistry 2023
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Experimental
DNTT TFTs fabrication

Bottom-gate organic source-gated transistors (OSGTs) were
fabricated on heavily p-type doped silicon substrates to take
advantage of the Si as a gate electrode. The gate insulator stack
comprised as follows: 100 nm thermally grown SiO,; 8 nm
Al, 03, deposited by atomic layer deposition (ALD) at 250 °C; and
a n-tetradecylphosphonic acid (C;4H,oPO(OH),; PCI Synthesis,
Newburyport, MA, USA)*® self-assembled monolayer (SAM),
deposited via immersing the substrate into a 2-propanol
solution with phosphonic acid. A 25-nm-thick active layer of
dinaphtho[2,3-b:2’,3'-f]thieno[3,2-b]thiophene (DNTT, Sigma
Aldrich)*® was vacuum deposited at a rate of 0.3 A s™' by
thermal sublimation with the substrate temperature maintained
at 60 °C. Source and drain contact electrodes were defined
by thermally evaporating Ni through a shadow mask at a rate of
0.3 A s7'. The mask features comprised contacts with channel
width W = 200 pm and various source-drain separation d (also
referred to as channel length L in conventional TFTs). The source-
gate overlap is S = 200 um by design, however this is shortened,
due to the nature of probing. Probes are placed at the far end
of the pad where S > 100 pm in order to measure the device
where S would be injecting charge beyond Ssar. Single devices
were isolated via scoring of the DNTT around the contacts to
reduce the gate leakage current. The global bottom gate was
contacted using a diamond scribe to expose the doped Si beneath
the gate insulator stack.

IGZO TFTs fabrication

Bottom gate a-IGZO SGTs were fabricated on Si/SiO, wafer with
heavily doped p-type doped Si with 85 nm thermally oxidized
SiO,. The a-IGZO channel (In,O3:Ga;03:Zn0O = 1:1:1) was
deposited by radio frequency (RF) magnetron sputtering with
power of 100 W at room temperature under an O,/(Ar + O,) ratio
of 4.5% atmosphere and with a deposition pressure of 0.6 Pa
(base pressure around 10> Pa). Next, the active layer was
patterned by photolithography and wet etched with 0.02 M
HCIL. The source-drain separation and width of the SGT are
5 and 90 pm, respectively, with source-gate overlap S = 210 um,
which again ensures operation in the Ssar regime. The source
and drain contacts were deposited separately. The 80 nm Pt
source was deposited before the 80/20 nm, stack of Ti/Pt drain
contact. The Ti/Pt contacts were deposited by RF sputtering
with a power of 100 W at 10 and 5 sccm Ar, respectively. Finally,
the samples were furnace annealed at 300 °C under N,:0, =
4:1 atmospheric conditions for 2 hours. The Si bottom gate
was again exposed by using a diamond scribe.

Device and circuit measurement

Devices and circuits were electrically characterized in dark and
light conditions using a Wentworth probe station connected to
a Keysight B2902A source/measure unit (SMU). Results from
individual devices were compared, and devices with similar
magnitude of drain current were selected for complementary
circuit implementation. The circuits were manually connected
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using a six-probe setup and BNC cables. For the transfer and
output characteristics, as per Fig. 2(a), (b), (d), and circuit
results in Fig. 3(f) and (g), an OSGT with d = 40 pm was used.
An OSGT with d = 20 pm was used for the remainder.

Photostimulation setup

A Schott KL1500 LCD fiber optic cold light illuminator was used
to expose devices and circuits to various light intensity at
a distance of approximately 5 cm from the samples/circuits.
The colour temperature of the light was set to 2650 K and the
aperture was varied to increase the exposure, doubling with
each increase in setting. The incident light was characterized
using an Ocean Optics USB4000 spectrometer and a Gentec
XLP12 spectral power meter. The thermal head has a 1.13 cm?
capture area, hence all incident light power corresponds to
UW per 1.13 cm®. The lowest incident power Pincigenc Was
11.05 pW, corresponding to the dark condition. External
sources of light from other equipment are low and do not signi-
ficantly affect device behaviour for the purposes of the study.

Device simulation

Transistors were simulated in two dimensions using Silvaco
ATLAS version 5.28.1.R.

IGZO transistor geometry

The IGZO transistor was closely replicated to the measured
device in a bottom-gate top-contact structure with highly doped
p-type Si common gate and 85 nm thermally grown SiO, gate
insulator. The a-IGZO active layer was defined with source
drain-separation and width of d = 5 pm and W = 90 um,
respectively. The Pt source was implemented by defining the
contact work function to create a Schottky contact. Similarly,
the Ti drain was defined with an Ohmic contact with a thickness
of 80 nm. The source-gate overlap was S = 210 pm.

IGZO transistor parameters

The reference structure was fabricated and replicated in the
simulation with the density-of-states (DoS) of the simulated
IGZO TFT having been modified to match the transfer and
output curves of the device. Thus, by tailoring DoS, a good
approximation can be made to the measured structure. For
simulation of the IGZO active layer, the following DoS para-
meters were used: the effective density of states in the conduc-
tion and valence bands were N¢ = Ny = 5.0 x 10*® em3; density
of tail states at conduction band Nyx = 3.0 x 10 em™ eV
density of tail states at the valence band Nrp = 3.0 X
10*® em ™ eV ; density of Gauss acceptor-like states Nga =
1.0 x 10" cm ™2 eV density of Gauss donor-like states Ngp =
1.0 x 107 ecm™® eV %; the relative permittivity of the gate
insulator and semiconductor were ¢; = 3.9 and & = 10, respectively;
the electron affinity of semiconductor was 4.16 eV; the band gap
and electron mobility were E, = 3.1 eV and p, = 13 em®> V' ' 7,
respectively; the work function of platinum and titanium were
WF = 4.6 and 4.13 eV, respectively.
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DNTT transistor geometry

DNTT SGTs were simulated using previously verified material
parameters as per Chen et al.** The device geometry included
25 nm semiconductor layer thickness; 110 nm SiO, gate insu-
lator; 100 nm electrode thicknesses, with metals defined
by using a work function. The source-gate overlap was set to
S =150 um and source drain separation d = 8 um.

DNTT transistor parameters

DNTT material parameters were as follows: E, = 2.9 eV; affinity
of 2.9 eV; Nc = Ny = 3 x 10" em™3; metal work function
WF = 4.88 eV, including barrier lowering parameter o =
2.7 nm with surface recombination enabled for the Schottky
source contact; y, was set to 550 ecm® V™' s”'. When taking
into account the default organics default models,"” these para-
meters produce source-gated transistors operating with an
apparent effective hole mobility in the order of several tenths
of 1 em® V™' s, which is in good agreement with fabricated
devices.**

Circuit simulation

Circuit simulations were performed using the Mixed-Mode
capability of Silvaco ATLAS.?” The transistors were instantiated
as ATLAS circuit elements, while the supply and input voltage
sources were defined as SPICE components. To aid conver-
gence, transient simulations with slow (100 ms) ramps of the
input voltage have been implemented for the diode-load circuits.
In the case of the complementary circuit, oscillations in the off state
of the IGZO transistor made numerical convergence difficult.
Hence, we adopted a piecewise dc simulation, first ramping the
supply voltage to 20 V, then partitioning the input voltage range
into regions with decreasing voltage steps (100 mV, 200 pV, 10 pV,
2 nV) to achieve a balance between compute time and fidelity.
Even in these circumstances, the simulator was unable to converge
fully, enabling us to state that the gain is in excess of 9000.

Conclusions

We have reported the first complementary implementation of
a thin-film source-gated transistor (SGT) based inverter using
IGZO and DNTT n-channel and p-channel semiconductors,
respectively. Given the flat output characteristics and early
saturation of SGTs, attainable in the technologies used even
in the absence of lateral field-relief structures, the complemen-
tary inverter shows excellent gain and noise margin.

It is useful to remark that Ni and Pt both have relatively high
work function. Through process optimization, it is conceivable
that the same source contact metal may be used for both n- and
p-channel transistors, potentially via specific surface treatment.

Moreover, we show that the trip point of such inverters can
be tuned optically, with interesting applications in compact
detectors and sensors.

This proof-of-concept demonstration provides encouraging
initial results for further integration and circuit-level optimiza-
tions. Numerical simulation using Silvaco ATLAS show that,

This journal is © The Royal Society of Chemistry 2023
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with adequate design, SGT-based inverters fabricated mono-
lithically could reach gain levels in excess of 9000. Given their
superior static performance, relative ease of fabrication and
energy efficiency, such complementary inverters may find
important uses in circuits for low and moderate speed digital
processing of biological, user interaction, or health sensor data.
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