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Abstract—This article presents a 3.3-V 6-bit current-steering
digital-to-analog converter (DAC) fabricated using organic thin-
film transistors (TFTs) on a flexible polyimide (PI) substrate.
The DAC achieves an integral nonlinearity INL,,, of 1.18 least
significant bit (LSB) and a differential nonlinearity DNL,,,, of
—2.08 LSB without calibration. The conversion gain Vygg/Isp is
about 10 kQ, which is 2.85 times higher compared to a previously
reported organic-TFT-based DAC based on the same circuit
design fabricated on a different type of substrate using a different
device architecture and a different organic semiconductor for
the TFTs. An interconnection solution is provided by metal
prepatterning on PI foil, so the electrical signals to and from the
TFT circuits are fanned out and can be conveniently connected
to, e.g., sensors or silicon chips on or outside the foil.

Index Terms—Current-steering digital-to-analog converter
(DAC), fan-out interconnect scheme, hybrid systems-in-foil
(HYSIF), organic thin-film transistors (TFTs), polyimide (PI).

I. INTRODUCTION

RGANIC thin-film transistors (TFTs) can be manufac-
O tured on thin, lightweight, and mechanically flexible
substrates, providing opportunities for integrated, low-cost,
large-area flexible electronics. In recent years, research on
organic TFTs has shown rapid progress [1], especially in terms
of advanced organic semiconductors [2], reductions in the TFT
contact resistance [3], and innovative circuit topologies [4].

Zaki et al. [5] and Zaki [6] reported a 6-bit current-steering
digital-to-analog converter (DAC) based on organic TFTs.
The TFTs were fabricated in the inverted staggered
[bottom-gate/top-contact (BG/TC)] device architecture using
the small-molecule semiconductor dinaphthothienothiophene
(DNTT) [2], and the DAC was fabricated on a glass substrate
using a low-temperature process based on high-resolution sili-
con stencil masks [7]. More recently, a DNTT derivative with
improved properties [diphenyl-DNTT (DPh-DNTT)] has been
developed [2], and it was found that organic TFTs fabricated
in the inverted coplanar [BG/bottom-contact (BG/BC)] device
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architecture can have a smaller contact resistance than BG/TC
TFTs, provided the gate dielectric is sufficiently thin [8]. Also,
the hybrid systems-in-foil (HySiF) technology platform [9] for
flexible electronics has been further developed at IMS CHIPS
[10], [11], now allowing the integration of high-performance
ultrathin silicon chips with large-area electronic components,
such as organic-TFT circuits, on flexible polyimide (PI)
substrates [12], [13].

In this work, we present a 6-bit current-steering DAC
designed and fabricated on a flexible PI substrate, utilizing
DPh-DNTT TFTs in the BG/BC device architecture. This work
follows the design and layout reported by Zaki et al. [5] and
Zaki [6], with a particular emphasis on the flexible substrate
(PI), the device architecture (BG/BC), and the new organic
semiconductor (DPh-DNTT). The performance of this DAC is
evaluated and compared to the results from [6] as well as a
similar DAC fabricated on a flexible polyethylene naphthalate
(PEN) substrate using BG/BC DPh-DNTT TFTs, all under
identical testing conditions. The PI foil is preprocessed with
fan-out interconnects and contacts, providing an efficient solu-
tion for connecting the TFT circuits to other electronics, both
on the foil and externally.

II. ORGANIC TFT FABRICATION PROCESS

The TFTs and DACs were fabricated either on glass, on
125-um-thick flexible PEN (Inabata Europe GmbH), or on
16-um-thick flexible PI. To define local (i.e., intracircuit)
interconnects and probe pads (which also serve as local
contact pads for the fan-out interconnects), 30-nm-thick gold
was deposited onto the substrate by thermal evaporation in
vacuum and patterned using a silicon stencil mask [5], [14].
For the gate electrodes of the TFTs, 25-nm-thick aluminum
was deposited by thermal evaporation in vacuum and patterned
using a silicon stencil mask. The aluminum surface was briefly
exposed to oxygen plasma to increase the thickness of the
native aluminum oxide to about 6 nm. The substrates were
then immersed into a solution of n-tetradecylphosphonic acid
to allow the formation of a phosphonic acid self-assembled
monolayer (SAM) on the AlO, surface, resulting in a hybrid
AlO,/SAM gate dielectric with a thickness of 8 nm and
a unit-area capacitance of 0.7 uF-cm™ [15]. To fabricate
TFTs in the inverted staggered (BG/TC) device architecture
[Fig. 1(a)], a nominally 25-nm-thick layer of the organic
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Fig. 1. Schematic cross sections of organic TFTs in (a) inverted staggered (BG/TC) and (b) inverted coplanar (BG/BC).

semiconductor  [either  dinaphtho[2,3-b:2’,3’-f]thieno[3,2-
b]thiophene (DNTT); Sigma Aldrich] or 2,9-diphenyl-DNTT
(DPh-DNTT, Nippon Kayaku, kindly provided by K. Ikeda,
Y. Sadamitsu and S. Inoue) was then deposited by thermal
sublimation in vacuum and patterned using a silicon stencil
mask. During the semiconductor deposition, the substrate
was held at a temperature of 60 °C (DNTT) or 90 °C
(DPh-DNTT). For the top-contact TFTs, the final process
step is the deposition of the source and drain contacts
(30-nm-thick gold, deposited by thermal evaporation in
vacuum and patterned using a stencil mask).

To fabricate TFTs in the inverted coplanar (BG/BC) device
architecture [Fig. 1(b)], the source/drain contacts (25-nm-thick
gold) were deposited, followed by immersing the substrate into
a solution of pentafluorobenzenethiol (PFBT) to functionalize
the contacts with a PFBT monolayer that helps minimizing the
contact resistance of the TFTs [16]. For the bottom-contact
TFTs, the final process step is the deposition of the organic-
semiconductor layer.

III. ORGANIC TFT CHARACTERISTICS

Both the choice of the organic semiconductors and the
device architecture have implications for the performance of
the TFTs and circuits. DPh-DNTT provides a higher carrier
mobility and a smaller contact resistance than DNTT [2],
and the BG/BC device architecture provides a smaller contact
resistance than the BG/TC architecture, provided the gate
dielectric is sufficiently thin [3], [8]. For the work reported
here, we thus chose the combination of DPh-DNTT as the
semiconductor and the BG/BC device architecture.

Fig. 2 compares the measured output characteristics of
inverted staggered (BG/TC) DNTT and inverted coplanar
(BG/BC) DPh-DNTT TFTs, both fabricated on flexible PEN
substrates. The TFTs have a channel width (W) of 100 um,
a channel length (L) of 40 um, and gate-to-contact overlaps
(Lov) of 20 um. The results demonstrate that the BG/BC DPh-
DNTT TFTs exhibit a higher carrier mobility (3 cm?/V-s)
and a larger ON/OFF current ratio (~ 10°) than the BG/TC
DNTT TFTs (uer = 2 cm?/V-s; ON/OFF ratio ~ 10%). The
contact resistance is on the order of 30 Q-cm for the
BG/BC DPh-DNTT TFTs [8] and 200 Q-cm for the BG/TC
DNTT TFTs [17].
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Fig. 2. Measured transfer and output characteristics of BG/TC DNTT and
BG/BC DPh-DNTT TFTs fabricated on flexible PEN substrates.

IV. MANUFACTURING OF FAN-OUT INTERCONNECTS
ON A PI SUBSTRATE

Before fabricating the organic TFT circuits (Section II),
the PI substrate with a custom-designed fan-out layout must
be premanufactured. As illustrated in Fig. 3(a), the process
begins with the spin coating of a 15-um-thick PI-2611 PI
layer, forming the primary flexible substrate. A 1-um-thick
aluminum-silicon alloy (AlSi) layer is then sputtered and
patterned, forming the fan-out circuit and serving as the fan-
out wiring. On this fan-out pattern, small contact pads are
designed to match the organic TFT circuit pads one-to-one
[Fig. 3(b)]. These pads are connected to larger test pads
through interconnection traces. The larger test pads enhance
the testability of the circuit and facilitate easier connections
between the organic TFT circuit and other peripheral circuits.

To protect the metal interconnects and to provide an appro-
priate surface for the TFT fabrication, a 1.2-um-thick layer
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Fig. 3. Organic-TFT circuit on a flexible PI substrate. (a) Material stack
of the fan-out circuit on the PI substrate. (b) Photograph of a 6-bit organic-
TFT DAC fabricated on a flexible PI substrate with a predesigned fan-out
interconnection scheme. Locations of the small pads one-to-one matched to
the organic TFT circuit and the large fan-out test pads are illustrated.

of the polymer benzocyclobutene (BCB) is applied over the
pattern metal layer. Finally, plasma etching is performed to
open the pads, both for the small pads (200 x 200 um) around
the organic-TFT circuit and for the larger test pads, with sizes
illustrated in Fig. 3(b). A 100-nm-thick gold (Au) layer is then
evaporated onto the pad openings, ensuring good electrical
contact and biocompatibility.

Once the PI substrate with fan-out interconnects has been
prepared, the TFT circuits are then manufactured on the PI
surface by a combination of vapor deposition [2], [4], [5], [8]
and stencil lithography [7], with the metal pads of the stencil-
patterned TFT circuits landing directly on the metal pads of the
prefabricated fan-out on the PI foil. In this way, the electrical
signals to and from the TFT circuits are fanned out and can
be conveniently connected to, e.g., sensors or silicon chips on
or outside the foil.

The entire structure, which is less than 20 um thick, can
be detached at the interface between the silicon substrate and
the PI layer. This results in a flexible PI foil that carries the
organic-TFT circuit (Section VI).

V. CURRENT-STEERING DAC
A. Schematics and Layout

The 6-bit binary-weighted current-steering DAC is depicted
in Fig. 4. It consists of a current-source array (CSA), a switch
array (SWA), and a current-to-voltage converter (CVC). The
DAC operates with a supply voltage of 3.3 V. The I; s current
is injected into the CSA. Depending on the binary coding, the
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Fig. 4. Circuit schematic and layout of the 6-bit current-steering DAC [5], [6].
The TFTs have channel widths and channel lengths of (W/L)cs = 100/15 um
in the CSA, (W/L)sw = 40/4 um in the SWA and (W/L)cyc = 100/5 ym in
the CVC.

21

20 |@
19
1.8
§1.7
S16
15 /_,,/
14
13
SAPDRH Q0P
Digital Code
15 1.0 =
c
oo | i 0 gt
N Hm 00 feurle M . i J bt )
0.
30.0 ,aﬂﬂﬂ]ﬂ Il 1.1 3,_0'5
3 2-10 |
205 ':'-1.5
1.0 2.0
1.5 2.5

AR R LR RSP
Digital code

DAY DR DR DD
Digital code

Fig. 5. Static performance of the DAC based on BG/BC DPh-DNTT TFTs
fabricated on a flexible PI substrate. (a) Transfer function. (b) INL. (c) DNL.

corresponding currents in the current mirrors are combined
and delivered to the CVC to generate an output voltage.
To fabricate the DAC, we used the same set of stencil masks
that were used for the fabrication of the DAC reported by
Zaki et al. [5] and Zaki [6]; the only differences are the sub-
strate (PI or PEN instead of glass), the TFT device architecture
(BG/BC instead of BG/TC), and the organic semiconductor
(DPh-DNTT instead of DNTT).

B. Performance Evaluation

The performance of the newly fabricated DAC (PI substrate,
BG/BC DPh-DNTT TFTs) is compared to that of the DAC
reported by Zaki et al. [5] and Zaki [6] (glass substrate, BG/TC
DNTT TFTs) under identical measurement conditions, includ-
ing wafer-level probing and the absence of an additional offset
current influencing the output voltage swing. This ensures that
the intrinsic performance of the DAC can be directly evaluated
and compared.
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Fig. 5 shows the transfer function and the integral non-
linearity (INL) and differential nonlinearity (DNL) curves of
the PI-based DAC. INL and DNL are the most important
specifications for evaluating the static performance of a DAC,
as they characterize its accuracy and linearity. Specifically,
INL indicates the maximum deviation of the actual DAC
output from an ideal straight-line transfer function, reflecting
the overall linearity of the converter. DNL, on the other hand,
measures the deviation between two adjacent output steps from
the ideal 1 least significant bit (LSB) step size, thus quantify-
ing the uniformity and monotonicity of the step transitions. For
a given application, these metrics are critical when selecting
the most suitable DAC architecture from among the numerous
available design alternatives.

With I sg = 1 uA, the new DAC achieves a full-scale
voltage swing of about 640 mV, which corresponds to a
conversion gain of Vigg/ILsg = 10 kQ, which is 2.85 times
higher than that of the DAC reported by Zaki [6]. This
indicates an improved power efficiency, i.e., a smaller cur-
rent is sufficient for achieving a large output-voltage swing.
In addition, the new DAC shows comparable DNL and
improved INL, all without calibration.

For further comparison, we also fabricated a DAC with
BG/BC DPh-DNTT TFTs on a flexible PEN substrate. Due to
individual transistor errors in this DAC, a calibration procedure
was required to evaluate the performance. Table I summarizes
the performance parameters of the DAC reported by Zaki et al.
[5] and Zaki [6] (on a glass substrate) and the two newly
fabricated DACs (on a flexible PEN substrate and on a flexible
PI substrate).

Table I shows that the DACs fabricated with the BG/BC
DPh-DNTT TFTs demonstrate overall better performance on
both the PEN and the PI substrates, compared to the DAC
fabricated with the BG/TC DNTT TFTs. The DACs fabricated
with the BG/BC DPh-DNTT TFTs achieve a higher conversion
gain Vi s/l sp, significantly surpassing 3.5 kQ of the DAC
with the BG/TC DNTT TFTs [5], [6], and an improved power
efficiency. The difference in performance between the DAC
on PEN and the DAC on PI is quite small, and irrespective of
any difference in performance, the PI substrate is preferred
for system-level integration, since it allows the integration
of embedded circuit structures [10], enabling interconnections
between the organic-TFT circuit and other embedded circuits
(HySiF technology), as illustrated in Fig. 3. In addition, the
PI substrate offers better mechanical flexibility than both the
glass and the PEN.

To evaluate the dynamic performance of the DAC on the
PI substrate, the settling time and the slew rate are measured.
The 6-bit DAC is switched between digital code 0 (all-ON
state) and 63 (all-OFF state). As shown in Fig. 6, the settling
time is found to be around 150 us, while the slew rate
is measured to be approximately 6 V/us. These parameters
are crucial in determining the speed and stability of the
DAC output in response to abrupt input transitions. The high
slew rate suggests fast voltage transitions, while the settling
time defines how quickly the output stabilizes after a step
change. Compared to the DAC reported by Zaki et al. [5] and
Zaki [6], the observed response characteristics with a smaller
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TABLE I
PERFORMANCE COMPARISON
Substrate material lass flexible flexible
for DAC & PEN polyimide
Substrate
thickness 1.1 mm 125 pm 20 pm
Year of 2010 2023 2024
manufacturing
OrgamF TFT Inverted Inverted coplanar
device staggered BG/BC
architecture BG/TC
Organic DNTT DPh-DNTT
semiconductor
ILss 4 nA 1 pA 1pA
Vswing 900 mV 845 mV 640 mV
Conversion gain 3.5kQ 13kQ 10 KQ
Viss/ILsB
INLmax -229LSB | 045LSB | 1.18 LSB
-2.08
DNLmax -1.45LSB | -0.76 LSB LSB
Mechanical none ood excellent
flexibility &
Calibration no yes no
Wafer-level os os os
probing y Y y
4
—_ Slew rate ~ 6 V/us
2 3
5
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o
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Fig. 6. Dynamic performance of the DAC based on BG/BC DPh-DNTT TFTs
fabricated on a flexible PI substrate.

drive current I;sg = 1 pA reflect the improved transient
performance of the newly fabricated DAC. The choice of
the TFT architecture (BG/BC) and the organic semiconductor
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Fig. 7. (a) DACs based on organic TFTs fabricated on glass and (b) flexible
PI foil.
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Fig. 8. Measured transfer characteristics of the offset transistor, shown in
both linear and semi-logarithmic coordinate systems.

Fig. 9. Organic-TFT-based DAC fabricated on a flexible PI substrate bent
over a cylinder with a radius of 5 mm and connected to other peripheral
circuits through the fan-out structure.

(DPh-DNTT) have contributed to enhance both the dynamic
response and the power efficiency.

VI. TFT CIRCUITS ON FLEXIBLE PI SUBSTRATES

Fig. 7 shows the photographs of the previously reported
DAC fabricated on a rigid glass substrate [6] and of the
new DAC fabricated on a 16-um-thick PI substrate. The
preprocessing of the PI and the metal-patterning process for
the fan-out interconnects are fully compatible with the HySiF
technology platform [10] developed at IMS CHIPS.

Fig. 8 presents the measured transfer characteristics of the
diode-connected offset transistor in the CVC of the DAC
circuit (Fig. 4), comparing two measurement methods: direct
measurement from the local DAC circuit pads (blue lines) and
measurement through the fan-out interconnect (red lines). The
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close alignment of both curves validates the reliability of the
interconnect for accurate signal transmission from the DAC
circuit to the fan-out pads on the PI foil. Fig. 9 shows the
DAC fabricated on the PI foil while being bent over a cylinder
with a radius of 5 mm, which demonstrates its mechanical
flexibility. Fig. 9 also demonstrates that the DAC circuit can
be easily connected to other peripheral electronics through the
fan-out structure.

VII. CONCLUSION

We have demonstrated a 3.3-V 6-bit current-steering DAC
fabricated using organic TFTs based on the small-molecule
semiconductor DPh-DNTT and the inverted coplanar BG/BC
device architecture on a flexible PI substrate. The DAC shows
a promising transfer function and achieves an INL,x of
1.18 LSB, and a DNL,,,x of —2.08 LSB, without calibration.
The conversion gain Visg/l sg is 2.85 times higher than that
of a previously reported DAC based on the same layout, under
the same operating condition. For the dynamic evaluation, the
settling time is found to be around 150 us, while the slew rate
is measured to be approximately 6 V/us. An interconnection
solution is provided by prepatterning a fan-out structure on
the PI foil before the TFT circuits manufacturing.
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