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ABSTRACT: We have proposed and fabricated stable and repeat-
able, flexible, single-walled carbon nanotube (SWCNT) thin film
transistor (TFT) complementary metal—oxide—semiconductor
(CMOS) integrated circuits based on a three-dimensional (3D)
structure. Two layers of SWCNT-TFT devices were stacked, where

one layer served as n-type devices and the other one served as p-type —vasas
devices. On the basis of this method, it is able to save at least half of  2° ‘ Vdd=2v
\

the area required to construct an inverter and make large-scale and Vi
high-density integrated CMOS circuits easier to design and e
manufacture. The 3D flexible CMOS inverter gain can be as high

as 40, and the total noise margin is more than 95%. Moreover, the \;\»

input and output voltage of the inverter are exactly matched for 0 05 lg/in(vl).S 20 25 O NN
cascading. 3D flexible CMOS NOR, NAND logic gates, and 15-stage

ring oscillators were fabricated on PI substrates with high

performance as well. Stable electrical properties of these circuits can be obtained with bending radii as small as 3.16
mm, which shows that such a 3D structure is a reliable architecture and suitable for carbon nanotube electrical applications
in complex flexible and wearable electronic devices.
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candidates for future electronic devices because of their

excellent electrical and mechanical properties, including
high mobility," large current density,” and extremely good
mechanical strength.” In particular, because of their uniformity
and repeatability, thin film transistors (TFTs) with SWCNT
random networks as conductive channels have been widely
studied. Meanwhile, deposﬁing or printing preseparated
semiconducting SWCNTs"* or transferring networks grown
by chemical vapor deposition® onto flexible substrates can meet
the needs of flexible and wearable electronic devices. As we all
know, SWCNT-TFTs show p-type characteristics in ambient
conditions because of the adsorption of oxygen and water
vapor.”” Although many applications, such as logic circuits,”"’
memory devices,'' sensors,'” or even computers,'’ are
fabricated by p-type TFTs, complementary metal—oxide—se-
miconductor (CMOS) circuits including a couple of n-type and
p-type TFTs are still demanded urgently because of their low

S ingle-walled carbon nanotubes (SWCNTs) are promising
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static power consumption and large noise margin. To date,
several methods have been investigated to achieve high-
performance n-type SWCNT-TFTs, but most of them have
difficulties in integration with p-type devices. For example,
doping SWCNT channels with alkali metal such as potassium
(K),"* or organic polymers'>'® such as PEI'” and viologen'®'?
can lead to high-performance n-type TFTs. However, alkali
metal and organic polymers are unstable and flowable, which
may contaminate the nearby exposed p-type TFTs, which
means that sparse integration is required. Another approach is
covering high-x oxide such as hafnium oxide using atomic layer
deposition (ALD)***" or passivation with a silicon nitride film
using plasma-enhanced chemical vapor deposition
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Figure 1. (a) Schematic of 3D flexible CMOS TFT inverter and its simplified circuit diagram. (b) Optical images of 3D flexible CMOS inverter
arrays based on CNT-TFTs formed on polyimide substrate. (c) 3D flexible circuit functioning under a very small bending radius. (d) As-

deposited SWCNT random network.
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Figure 2. Fabrication of n-type CNT-TFTs. (a) Electrical properties of a CNT-TFT on the silicon dioxide substrate before and after a silicon
nitride thin film was deposited on top of the channel material CNT network through PECVD (L = 20 pm, W = 100 ym); the growth
conditions were 300 °C with antecedent nitrogen flow. (b) Flexible test of the n-type TFT on PI substrate under various bending radii.

(PECVD)**** as the dielectric layer to isolate oxygen and
water, as well as electron doping.”* However, because the
covering materials are all compact and grown at a relatively high
temperature beyond the photoresist endurance, the positions of
the dopant have to be defined using a relatively large size
shadow mask instead of standard photolithography, leading to
jumbo size devices as a result. Therefore, a method of
integrating n-type and p-type TFTs compactly, massively, and
stably is required. To accomplish this, three-dimensional (3D)
layer-by-layer assemblies of semiconducting nanowires or
SWCNTs for electronic devices or flexible devices have been
studied and fabricated;”>™ these methods provide a possible
solution to the integration problem.”**’

Thus, in this work, we propose and fabricate flexible
SWCNT-TFT CMOS circuits with 3D structure based on a
two-layer stack of SWCNT networks, as Figure la shows.
Silicon nitride grown by PECVD was used as the dielectric layer
to form n-type TFTs, and p-type TFTs were constructed
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directly above them to compose the CMOS circuit. This
strategy can overcome the patterning and lift-off problem, with
only the need to etch through-holes. As a result, this method is
able to save at least half of the area, make individual TFTs
smaller, and integrate CMOS circuits more compactly. We also
manufactured the same structure on polyimide (PI) substrates
to obtain high-performance 3D flexible logic circuits such as
inverters, NAND, NOR logic gates, and ring oscillators, which
show excellent and stable electrical properties at various

bending radii.

RESULTS AND DISCUSSION

To avoid the influence of water penetration through the
backside of the substrate, 30 nm thick alumina (AL,O;) was
grown through ALD at first, for smoothing and fixing the PI
substrate as well as protecting it from oxygen and water because
they could penetrate from the rear of the PI and affect the
performance of the n-type TFTs.”® Then, a uniform SWCNT
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Figure 3. (a) Optical microscope photograph of two 3D flexible CMOS inverters (W = 100 gm, L = 20 ym) sharing one output electrode. (b)
Cross-sectional SEM view of 3D flexible CMOS inverter, from which we can see SWCNT networks (left) and layer-by-layer structure (right)
clearly. (c) Transfer curves change after growing 30 nm alumina using ALD with different channel lengths. (d) Schematic energy band
diagram under on-state showing increasing n-doping after ALD of alumina. (e) Flexible n-type TFT transfer curves tested for various times.

network® ™% was fabricated on the substrate, as described in

Methods and shown in Figure 1d. A more stable and
controllable compact dielectric layer was selected to realize n-
type CNT-TFTs. Then, 50 nm of silicon nitride was grown
through PECVD as the dielectric layer to convert the as-
fabricated p-type CNT-TFTs to n-type CNT-TFTs. Actually,
both HfO, and Si3N,, or even other similar dielectric materials,
can be used here to realize n-type TFTs as we have been
mentioned in the introduction. Here, we choose SizN, just
because it can be fabricated by PECVD method, which is a
reliable and easy process route” and the growth rate,
uniformity, and repeatability are more reliable in our lab.
Figure 2a shows that a high-performance n-type CNT-TFT
could be obtained from p-type CNT-TFT after depositing a
thin film of silicon nitride on top of the channel area, with a
channel length of 20 ym and width of 100 um. The silicon
nitride thin film deposition conditions were 70 sccm (standard-
state cubic centimeters per minute) nitrogen, 4 sccm silane at
300 °C, and most importantly, it was necessary to purge the
chamber with nitrogen gas continuously for 30 min at 300 °C
before the deposition procedure started.”* This procedure
ensured that no adsorption of water vapor and oxygen on
carbon nanotubes occurred.> More details can be found in the
Supporting Information. We also fabricated n-type TFT's on the
flexible PI substrate to test their properties when curved. We
measured the TFTs’ electrical properties at bending radii of
5.95 mm, 4.09 mm, and 3.16 mm and found that their transfer
curves had almost no change, as Figure 2b shows. Meanwhile,
there was almost no TFT had electrical leakage, even at a
bending radius of 3.16 mm. Thus, silicon nitride grown through
PECVD is a reliable dielectric material for n-type flexible CNT-
TFTs.
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After the preparation of good performance n-type flexible
CNT-TFTs, integrating them with the p-type TFTs is still an
urgent need to be solved. As we mentioned before, because of
various problems raised when fabricating n-type CNT-TFT
devices, current CMOS circuits based on both p-type and n-
type CNT-TFTs all have either large sizes”™” or large
intervals.'"® Thus, they can only meet the requirements of
large devices and the integration of p-type and n-type TFTs is
inefficient and unstable as device size decreases. Here, the 3D
structured CMOS circuit based on two-layer CNT-TFT devices
can help to solve the problem of integrating CNT-TFT CMOS
circuits. The p-type TFT's were fabricated on top of n-type top-
gated TFTs. A 30 nm alumina thin film was fabricated as the
dielectric layer and also the separation layer of the two-layer
device using ALD after the fabrication of n-type CNT-TFTs.
Then, a SWCNT thin film was deposited on it according to the
Methods or transferred a ready-made thin film onto it using the
method discussed in our previous work® as a conductive
channel. After that, through-holes were defined by photo-
lithography and the alumina dielectric layer was etched to
ensure the n-type TFTs' drain electrodes exposed. Finally,
source and drain electrodes and channels of the upper p-type
TFTs were patterned and fabricated just above the n-type ones.
In this way, we fabricated the 3D CMOS CNT-TFT circuits.

For a typical inverter, the p-type TFT was built just above the
n-type TFT, using the local top gate of the n-type TFT device
as the back gate of the p-type TFT device, while etching and
connecting a through-hole to connect the drain electrodes of
both upper p-type and lower n-type TFT devices as the V
electrode. This scheme helps prevent the problem associated
with planar design, in which an etching process to expose the
SWCNT networks to ambient atmosphere is unavoidable for
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Figure 4. Electrical performance of 3D flexible CMOS inverter. (a) Typical n-type and p-type transfer curves with local gate (W =100 gm, L =
20 pm). (b) Voltage transfer and power consumption curve at Vyy = S V, showing large gain and low power consumption. (c) VIC and
corresponding “eye” pattern for noise margin extraction of 3D flexible CMOS inverter at Vg3 = 5 V. (d) Voltage transfer curves and (e)
inverter gain with supply voltage (V) ranging from 0.75 to 2.5 V. (f) Switching threshold and total noise margin of the 3D flexible CMOS

inverter under various supply voltages.

patterning n-type-TFT and p-TFT devices after dielectric
growth process. However, such an etching process is unstable
because wet etching may violate the back dielectric layer of p-
type devices, whereas dry etching may break the SWCNTs in
the channel. As a result, high-performance CMOS circuits can
be established using this 3D scheme, avoiding the lift-off or
etching problems and enabling smaller size devices integrated
together to save at least half of the area, while improving
integration density and extending the lifetime of n-type TFTs.
Moreover, a more complex CMOS logic circuit must be made
up of a pullup network (PUN) and a pull-down network
(PDN), where the PUN consists of p-type TFTs (on the upper
layer), whereas the PDN consists of n-type TFTs (on the lower
layer). Therefore, we can design the PUN and PDN
respectively in their own layer and etch one or several
through-holes to connect the upper and lower V,, electrodes
(as Figure S2 shows), which is convenient for design and
manufacture, ignoring the doping types in the same plane.

To observe the 3D structure directly, an inverter was cut
across its conductive channel along the dotted line shown in
Figure 3a. Figure 3b shows cross-sectional views of both the
schematic and SEM images, from which we can see that the
upper and lower source drain electrodes and middle gate
electrode are separated by two dielectric layers, wherein the
gate and source/drain have a small overlap to fully modulate
the conductive channel. Furthermore, we can see the p-type
TFT’s SWCNT thin film channel clearly exposed from the
undyed SEM photograph.

To achieve reliable integration of multilayer devices, it is
required that the fabrication process of the upper layer device
does not affect the electrical properties of the lower layer
device. Here, we find that the electrical properties of the n-type
TFTs not only are unaltered but also can be improved after
growing alumina through ALD as the dielectric layer for p-type
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devices. Figure 3c shows that the on/off ratio and trans-
conductance of n-type TFTs increase, whereas the subthreshold
swing decrease after alumina deposition, where the dotted lines
are before and the hollow-dotted lines are after alumina
coverage. This occurs primarily because oxygen and water
vapor are removed further after another high temperature and
vacuum growth process. Meanwhile, alumina grown through
ALD introduces more positive fixed charges, which can regulate
the energy band downward and shift the transfer characteristics
toward more negative gate voltages,u’23 as well as narrowing
the Schottky barrier to the conduction band to allow electron
tunneling from contacts into nanotubes under the on-state, as
shown in Figure 3d. In addition, ALD alumina is very dense to
protect the n-type TFTs from air; similar to ALD alumina
grown on the PI substrate previously, it can package the n-type
TFTs entirely to prolong its life. The n-type TFT's we made on
the PI substrate could work well for more than 4 months, and
on the silica substrate, for 12 months, as shown in Figure 3e.
Additionally, we also verified that there has almost no change of
the electrical performance for the n-type TFT after the
fabrication of the upper CNT channel and S/D electrodes
compared with its performance just after the deposition of 30
nm alumina using ALD as shown in Figure S7, and because of
the shielding effect of the middle gate electrode, there is no
influence on the lower n-type TFT after adding supply voltage
to the upper p-type TFT.

Figure 4a shows typical n-type and p-type CNT-TFT transfer
curves under local gate modulation, and hysteresis of p-type
and n-type SWCNT-TFTs are shown in Figure S4. The average
on/off ratio of n-type TFTs is over 10% and this value is over
10° for p-type TFT devices, while the average subthreshold
swing is near 250 mV/dec for n-type TFT devices and 170
mV/dec for p-type TFT devices. The average mobility of n-
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Figure 5. Flexible and wearable test. 3D flexible CMOS inverter voltage transfer curve and gain with various bending radii, working at Vg, of
(a) 2.0 V and (b) 1.5 V. (c) Flexible test with different bending radii. (d) Minimum bending radius can meet the needs of human hand

wearable devices.

type TFT devices is approximately 9 cm?®/(V-s), whereas it is
over 15 cm*/(V-s) for p-type TFT devices.

Experimental results also demonstrate that the 3D flexible
CNT-TFT CMOS inverter has excellent electrical and
mechanical properties. Normally, it is very important for
CMOS inverters to have high gain, large noise margin (NM),
low static power consumption, and exactly matched input and
output voltage. The voltage transfer characteristics (VIC) and
power consumption curve (P = VygIgyp) of a typical 3D
CMOS inverter are shown in Figure 4b, in which we can see
that when input voltage is varied from 0 to S V, the output
voltage changed exactly from S to 0 V, which ensures the
devices can be cascaded. The inverter gain is near 40, and the
switching threshold is near 2.5 V, half of the “high” output
voltage (5 V). Therefore, the 3D CMOS inverter has an
extremely outstanding noise margin, as the eye pattern in the
folded transfer curve in Figure 4c shows. Static power
consumption is as low as a nanowatt, even working at the
switching threshold voltage. Experimental results also show that
3D flexible CMOS inverters can work well in a wide voltage
range, from 0.75 to S V or more. Figure 4d and e show the
inverter VI'C and gain under various supply voltages (V4 =
0.75, 1.5, 1.75, 2, 2.25, and 2.5 V). From these results, we can
see that the switching thresholds at various supply voltages are
all just near half of the supply voltages, demonstrating that the
inverter works in a symmetric operating voltage window,
ensuring large noise margin and keeping the inverter gain at a
high level, larger than 18 even when the supply voltage is
reduced to 0.75 V. Meanwhile, the inverter gain shows a linear
relationship with supply voltage, and this phenomenon can be
explained by the theory that when Vy; decreases to the
threshold voltage, the device’s transconductance increases as
Va4 grows, so the inverter gain increases as well.*® In addition,
we also extract and calculate the switching threshold and total
noise margin ((NM; + NMy,)/Vyq)®” as a function of Vi, as
Figure 4f shows. The slope of the switching threshold voltage
versus Vyq is close to 0.5, and the total noise margin of the
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inverter increases as Vyq grows, from 90% to 95.2%, which
shows the large tolerance of the device to intrinsic or extrinsic
noise.

It is an interesting phenomenon that an inverter with not
totally symmetrical p-type and n-type TFT transfer and output
curves (Figure S3a) can achieve a high-performance voltage
transfer curve. Therefore, an aborative study of its quiescent
operating characteristic was performed in detail (shown in
Supporting Information). As a result, we conclude that the n-
type TFT meets the velocity—saturation model and the p-type
TFT meets the constant-mobility model,>® whereas their
asymmetric output curves show reduced power consumption
and very good inverter voltage transfer characteristics.

We evaluated the flexibility of the 3D CMOS inverters on the
PI substrate by bending the devices at different radii and
investigating their electrical performance. The bending radii
were 5.95 mm, 4.09 mm, and 3.16 mm, which were smaller
than the minimum bending radius of human hands, as Figure
5d shows. The inverter could still work at various supply
voltages, and although its gain changed a little and its switching
threshold swung slightly, it still showed high performance with
respect to gain and noise margin, having almost no influence
for practical application. This was consistent with the slight
threshold voltage change when bending the n-type TFTs, as
shown above. To verify the 3D flexible CMOS circuits’
resistance to bending fatigue, we also test the electrical
performance of the n-type CNT-TFTs and inverters after
various bending cycles over 1000 times under bending radius
less than 4 mm, as Figure S5 shows, from which we can
conclude that the devices could endure multiple high bending
strength and keep at a high level of electrical performance. On
the other hand, because the PI substrate is extremely thin, it can
closely fit on various surfaces easily. With the logic stability of
the 3D CMOS inverters fabricated on it, it is acceptable for
flexible and wearable electronic device applications.

On the basis of the excellent electrical performance of the 3D
flexible CNT CMOS inverters and the PUN and PDN model
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Figure 6. 3D flexible CMOS logic gates. 3D schematics, circuit diagrams, SEM images, and output performance of (a) CMOS NAND and (b)

CMOS NOR logic circuits.

mentioned above, we also fabricated 3D flexible CMOS NAND
and NOR logic gates. Both of them were fabricated with four
TFTs, including two n-type TFTs and two p-type ones. P-type
and n-type devices were isolated from up and down layers, only
connected with a through-hole on the V,, electrode. These
logic gates showed great reliability and stability. The output
characteristics of these logic units are shown in Figure 6a and b,
respectively. For example, for the NAND gate, when one or
both inputs applied 0 V for logic “0”, the output voltage ranged
from 4.8 to 5 V as logic “1”, when one or both inputs applied S
V as logic “17, the output ranged from 0 to 0.3 V as logic “0”.

In addition, more complex 3D flexible CMOS 15-stage ring
oscillators were fabricated on the PI substrate. Figure 7a shows
two nested 15-stage oscillators sharing the same output
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electrode; the size of each TFT is 40 ym X 40 pm. The
electrode schematic in Figure 7b is the basic element of the 3D
CMOS ring oscillator with two inverters, in which the parts
with the same color represent connected electrodes. Figure 7c
shows the typical output voltage curve of a 15-stage ring
oscillator at Vyq = 5 V; the delay time of a single TFT is 43.85
us, on the same order as previously reported CNT-TFT
oscillators.”****~*!

Because the 3D CMOS inverter can work in a wide voltage
range, the ring oscillator can also oscillate in a wide range. We
found that as the supply voltage increases, the oscillation
frequency increases as well, as shown in Figure 7d. This is
mostly due to the growth of drain current, leading to higher
switching speed and frequency when the drain voltage
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Figure 7. 3D flexible CMOS 15-stage ring oscillator. (a) Optical microscope photo of the two nested 3D CMOS ring oscillators. (b) Schematic
of basic elements of 3D CMOS ring oscillator with two inverters. (c) Typical output voltage of the 3D flexible CMOS ring oscillator at Vg4 = §
V. (d) Output voltage of 3D flexible CMOS ring oscillator with various supply voltages. (e) Oscillation frequency increases linearly with
supply voltage, for 15-stage rings and 7-stage rings separately. (f) Delay time changes with supply voltage.

increases. Figure 7e shows the plot of oscillation frequency
versus supply voltage and the fitting curves of 15-stage and 7-
stage oscillators. The oscillation frequency of both devices
shows a linear relationship with supply voltage. Output voltage
oscillograms of the 7-stage oscillator and oscillogram under Vy,
= 15 V of the 15-stage oscillator can be found in Supporting
Information Figure S6.

We can calculate the delay time of each TFT using the
formula t = 1/(2Nf), in which N is the stage of the ring
oscillator and f is its frequency at a specific supply voltage.”
Then, we obtain the relationship between delay time and Vg,
as shown in Figure 7f. When the supply voltage is high enough
for the ring oscillator to work in favorable conditions, which
means in this voltage range (S V or more in Figure 7f), the
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variation of delay time is insensitive as supply voltage changes
and could be kept in a relatively small range, the ring oscillator
can endure larger noise and work more stable, whereas beyond
that, as the supply voltage decreases, the delay time increases
rapidly, behaving like silicon-based field-effect transistors.*® We
can use the standard first-order analysis of delay time to explain
this phenomenon. The delay time is defined as the average
delay of the output voltage rise and trail, as formula 1 shows,
where t,;y; is the delay time of the trailing edge of the output
voltage, and similarly, £, 5 is the delay time of the rising edge

foaL + tn

P 2

(1)
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Because the expansion formulas of ., and #,yy; are the same,
we can consider only one of them to represent the change in
delay timeg.éExpanding tonr, shows its relationship with Vg4, as in
formula 2°

3

i
toL = (In2)=—22

DSATn
CL‘/DD

w , —

When Vy is high enough, at Vg > Vi, + (Vpsara/2), tom
can be simplified as a constant, shown in formula 3

=0.52

&
(%)nkanDSATn (3)

Therefore, the delay time of a single TFT is almost constant
when Vg is high enough. On the other hand, from formula 2,
we know that if V4 is sufficiently low, the delay time will
increase rapidly when Vg is decreased, which conforms to
Figure 7f completely. Additionally, the delay time of the TFT in
the 7-stage ring oscillator is almost the same as that of the 15-
stage ring oscillator, which confirms that the 3D CMOS is a
reliable architecture that leads to repeatable performance and
uniform units; thus, it is suitable for application in complex
flexible and wearable electronic devices.

tr, & 0.52

CONCLUSIONS

In summary, we have proposed and fabricated stable and
repeatable flexible CNT-TFT CMOS integrated circuits based
on a 3D structure. Two layers of CNT-TFT devices were
stacked, where one layer served as n-type devices and the other
layer served as p-type devices. The n-type CNT-TFTs were
realized by depositing silicon nitride thin film as the dielectric
layer modulated with top gates. The p-type CNT-TFTs were
located on top of the n-type devices and were locally back
gated, with the channel CNTs exposed. To a certain extent, this
fabrication process solved the main problems associated with
SWCNT-based CMOS integration, such as fluidity and
volatility for liquid organic polymers, and inability to lift-off
for the compact dielectric layer. This method was able to save
at least half of the area required to construct an inverter,
improve n-type TFT performance, prolong its life to more than
four months, and integrate CMOS circuits more compactly. 3D
flexible CMOS NOR and NAND logic gates and 15-stage ring
oscillators were fabricated on PI substrates with high
performance. Stable electrical properties for CMOS inverters
could be obtained with a bending radius as small as 3.16 mm,
which showed that this 3D structure is a reliable architecture
and suitable for electrical application of SWCNTs in complex
flexible and wearable electronic devices.

METHODS

Deposition of SWCNT Thin Films. SWCNTs were
purchased from Nanolntegris Inc. in powder form with a
semiconductor purity of 99%, mean diameter of 1.4 nm, and an
average length of 1.8 ym. Then, the powder was dispersed in N-
methyl-2-pyrrolidone (Sigma-Aldrich) using horn sonication
for preparing to deposit to the target substrate. SWCNT thin
films could both be transferred® or directly deposited onto PI
substrates. For direct deposition, polyimide (Foxconn) with a
thickness of 25 ym was tiled on 300 nm thermal SiO, on a p**
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Si substrate, and ALD was used to deposit a layer of 30 nm
Al O; to fix the PI substrate and protect it. Al,O; was grown at
120 °C using trimethylaluminum and water as the precursors.
Then, to functionalize the oxide surface, O, plasma etching was
employed to make it hydrophilic, and the samples were
immersed in isopropanol (IPA)-diluted aminopropyltriethox-
ysilane (APTES, Sigma-Aldrich) solution (IPA:APTES = 1:20)
for 30 min and then rinsed with IPA. Subsequently, the samples
were immersed into the semiconducting nanotube solution for
several hours to deposit SWCNT random network thin films.

Fabrication of Devices. Electrodes, test holes, and
conductive channels were defined by standard photolithog-
raphy. All electrodes contained 5 nm Ti as an adhesive coating
and 50 nm Au, and conductive channels were patterned
through O, plasma etching. Test holes through silicon nitride
were etched by CF, plasma etching, whereas BCl; with Cl,
plasma etching was used for Al,O; test holes.

Characterization of Electrical Properties. N-type and
3D inverter electrical measurements were performed with a
semiconductor analyzer (4156C, Agilent, U.S.A.) with a probe
station (Lakeshore, U.S.A.) in ambient atmosphere at room
temperature. The flexible tests were developed by pasting the
PI substrate to a mold closely and using the same semi-
conductor analyzer with a different probe station (EverBeing,
Taiwan) to measure electrical properties under various bending
radii. The output voltage of the ring oscillators was acquired by
a digital oscilloscope (TDS2012C, Tektronix, U.S.A.).
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