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ABSTRACT We report ultrahigh-performance inverters, each consisting of two top-gate

metal —oxide —semiconductor field-effect transistors based on n-CdS nanobelts. High-k Hf0, dielectrics are used

as the top-gate oxide layers. The inverters have a large supply voltage (V;p) range (from 50 mV to 10 V) and very

high voltage gain (~10, 100, and 1000 at V,, = 0.2, 1, and 10 V, respectively). Current consumption is less than 7

nA at Vpp = 1V, corresponding to a power consumption of less than 7 nW. The high and low output voltages are

close to full rail. The inverters also exhibit good dynamic behavior with square wave input at frequencies up to 1

kHz. The operation of the inverters is analyzed in detail. The inverters are promising for future low power high

performance logic circuit applications.
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emiconductor nanomaterials have

shown their unique virtues as the

building material for powerful elec-
tronic devices. Inverters are important
building blocks in the integrated circuits.
They can be constructed with field-effect
transistors (FETs) of various materials. In the
area of nanoelectronics, various types of in-
verters, such as resistor-load,"? p -channel
metal-oxide-semiconductor (PMQS),*>~©
n-channel MOS ( NMOS), 7 complemen-
tary MOS (CMOS), °~ ' n-channel
metal —semiconductor (NMES),"® and
complementary MES (CMES)'” inverters
have been developed based on various
nanomaterials, such as thin films, nano-
wires/nanobelts (NWs/
NBs), carbon nano-
tubes (CNTs), and
graphene. So far, most
reported inverters
based on semiconduc-
tor nanomaterials
work under supply
voltages (Vpp) larger
than 0.4 V and have
voltage gain less than
100. Power consump-
tion is an increasingly
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important issue in general purpose proces-
sors. As transistors become smaller and
faster, static power dissipation will increase
significantly. Complementary inverters hav-
ing both n- and p-channel transistors have a
key inherent characteristic of low static
power consumption. However, many im-
portant semiconductor nanoelectronic ma-
terials, such as CdS, CdSe, and ZnsP; etc., are
unipolar materials."®~2° In other words,
they tend to exhibit only one conductivity
type due to the strong self-compensation
effect. This will limit their application in con-
structing high-performance complemen-
tary inverters. Exploring NMOS and/or
PMOS inverters with improved performance
characteristics, such as voltage gain, supply
voltage, and power consumption, is still ur-
gent in the practical application of nanoma-
terial circuits.

In this paper, we report NMOS invert-
ers constructed with two top-gate MOS-
FETs based on n-CdS NBs. The two MOS-
FETs have different threshold voltages
(Vin). The inverters can work under sup-
ply voltages down to 50 mV at room tem-
perature and have a voltage gain of up
to ~1000 at the Vpp of 10 V. These char-
acteristics, as far as we know, are the best

Figure 1. Schematic illustration of an as-fabricated inverter. The golden
lines show the way the circuit is connected. The inset is the corre-
sponding circuit diagram.
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Figure 2. (a) A family of Ips versus Vps curves measured at different Vs of the load MOSFET. The inset shows the FESEM im-
age of the device (scale bar: 10 pm). (b) Gate transfer characteristic of the load at Vps = 1 V. The straight red line highlights
the subthreshold region. The inset shows the Ips— Vs hysteresis and transconductance curves. The curves in same color are
measured simultaneously. (c) A family of Ips versus Vps curves measured at different Vs of the driver MOSFET. The inset shows
the FESEM image of the device (scale bar: 10 pm). (d) Gate transfer characteristic of the driver at Vps = 1 V.

among the inverters based on nanomaterials re-
ported so far. The current (Ipp) flowing through the
inverter (Vpp = 1 V) is less than 7 nA, corresponding
to a power consumption of less than 7 nW, which is
so far the lowest reported value for NMOS and/or
PMOS inverters. The operation of the inverters is
analyzed in detail. The dynamic characteristics of
the inverters are also studied. The inverters show
good dynamic behaviors with output rising and fall-
ing times of about 0.25 and 0.03 ms, respectively,
at square wave input frequency up to 1 kHz.

RESULTS AND DISCUSSION

Figure 1 shows the schematic illustration of an as-
fabricated inverter. The golden lines show the way
the circuit is connected. The inset is the correspond-
ing circuit diagram. Static electrical trans-port mea-
surements were done with a semiconductor charac-
terization system (Keithley 4200). Dynamic behaviors
of the inverters were investigated with a digital os-
cilloscope (Tektronix DPO 2024) and square waves.
All the measurements were done in darkness at
room-temperature.

Figure 2a shows a family of source-drain current
(Ins) versus source-drain voltage (Vps) curves measured
at different gate voltages (Vss) of the load MOSFET. The
inset is a field-emission scanning electron microscope
(FESEM) image of this transistor. The NB used (NB A) is
about 0.86 pwm wide and 133 nm thick. Figure 2b is the
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gate transfer characteristics at Vps = 1 V. An on/off ra-
tio of about 6 X 10° is obtained. The threshold voltage
Vin is very low (—0.1 V), which is beneficial to the low
power inverter described below. The Ips— Vs relation in
the subthreshold region (the straight red line) gives a
subthreshold swing S of ~75 mV/dec. The inset shows
the Ips— Vs hysteresis and transconductance (gn)
curves, which exhibit a very small hysteresis and a peak
gm Value of about 0.6 uS, respectively. The field-effect
electron mobility () of this MOSFET can be estimated
to be about 18.6 cm?/V - s using the equation pe = Lcgm/
(WCoVps),?" where L is the channel length (20 pm), G,
is the oxide capacitance per unit area (= &,&¢/d), &, is the
relative dielectrics constant of HfO, (~17), W is the
gate width (equal to the width of NB in the FET) and d
is the thickness (20 nm) of the HfO, layer. Decrease of
mobility is commonly observed in MOSFETSs with high-k
dielectrics, which is attributed to the carrier scattering
caused by interface states between the high-k dielec-
trics and the semiconductor conductive channel.'®2'22
Figures 2c and 2d show the transfer characteristics of
the driver MOSFET. The NB used (NB B) is about 1.1 um
wide and 125 nm thick. This MOSFET has a Vi, of about
—0.65 V, an on/off ratio of about 2 X 105, a subthresh-
old swing of about 96 mV/dec, and a peak g, value of
about 2.5 pS. The field-effect electron mobility of this
MOSFET can be estimated to be about 60.5 cm?/V - s
using the above-mentioned equation. Figure 3a is the
static voltage transfer characteristic (VTC) curves of the
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Figure 3. (a) Static VTC curves of the NMOS inverter under the Vpp of 1 V with Vjy being cycled. The arrows indicate the Viy
sweeping directions. The green curve shows the current flowing through the inverter (Ipp) during the measurement (corre-
sponding to the red VTC curve). The inset is the voltage gain curves obtained from the corresponding VTC curves. (b) Graphi-
cal determination of the static VTC of the inverter. A, B, C, and D are corresponding operating points at four representative
Vin. (c) VTC curves of the inverter under Vpp of 10 V. The inset is the corresponding voltage gain curves. (d) VTC curves of the
inverter under Vpp of 0.2 V. The upper-right inset shows the corresponding voltage gain curves. The lower-left inset shows

the VTC curves under an ultra low Vpp of 50 mV.

inverter constructed with the above-mentioned two
transistors with the input voltage (Viy) being cycled
(Vop = 1 V). The arrows indicate the V| sweeping direc-
tions. The high and low output voltages (Von and Vo)
are close to the supply voltage Vpp and zero, respec-
tively. The green curve shows the current flowing
through the inverter (Ipp) during the measurement (cor-
responding to the red VTC curve). It is clear that the Ipp
is less than 7 nA during the whole measurement pro-
cess, corresponding to a power consumption <7 nW,
which is so far the lowest reported value for NMOS
and/or PMOS inverters. The inset shows the voltage
gain (= —dVour/dVjy) curves obtained from the corre-
sponding VTC curves. The peak gain value is as high as
~100, which is the best reported value, as far as we
know, for inverters based on nanomaterials working at
a supply voltage of 1 V.

To explain why the NMOS inverter exhibits such
high performance, we have studied the operation of
the inverters in detail. Figure 3b illustrates the graphi-
cal determination of the static VTC of the inverter (all
the curves are the experimental results, Vpp = 1 V). In
our inverter, the gate and source of the load transistor
are connected, hence the gate voltage of the load can
always be taken as 0 V (i.e., Vgs.. = 0 V). Therefore, the
Ips-.— Vs, relation (i.e., Ips— Vps relations of load transis-
tor) at Vs, = 0 Vis the load line of the inverter. The
marked A, B, C, and D are four representative intersec-
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tions of the load line and the Ips.p— Vps.p curves (Ips—Vps
relations of driver transistor) at various Viy (= Ves.p),
which reflect the actual operating points of the inverter.
Since the load has a near-0 V4, its saturation current at
Vs = 0 Vis very small (see Figure 2a,b), which directly
results in low power consumption of this inverter. At
operating point A, Viy is —0.65 V (input logic 0), and the
driver is cut off, resulting in a very small Ipp (see Figure
2¢,d). Therefore, Vour is very close to Vpp (Vour =
Voo—Vps.1) (output logic 1). With Viy increasing, Voyr de-
creases. When V)y changes from —0.55 to —0.53 V (cor-
responding to points B and C), Vour decreases sharply
from 0.9 to 0.1 V, corresponding to an ultrahigh volt-
age gain. When Vjy increases further to —0.45 V, the op-
erating point reaches point D (input logic 1), and Vour
is very close to zero (output logic 0). From this figure we
can see that in our case, the perfect Ips—Vps saturation
characteristics of both the load and driver transistors ac-
count for the ultrahigh voltage gain of the inverter,
while the small saturation current for the load at Vs
= 0V (corresponding to a near-0 Vy, for the load) ac-
counts for the low power consumption and the near-
ideal Vo and Vo values.

Figure 3c shows the VTC curves of the inverter at
Vop =10 V. Maximum voltage gain can be as high as
~1000 (see the inset) with very stable output voltage.
Figure 3d shows the VTC curves of the inverter under
Voo = 0.2 V. The peak gain is about 10 (see the upper-
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Figure 4. Dynamic behaviors (red curves) of the NMOS in-

verter driven by square wave with frequencies of 100 Hz (a)

and 1 kHz (b) at Vpp of 1 V. The blue curves show the corre-
sponding square wave inputs.

right inset). The lower-left inset shows the VTC curves
of the inverter under Vpp = 50 mV. It can be clearly seen
that the inverter still exhibits good inverting behavior
under this ultra low supply voltage. As far as we know,
this is the lowest reported supply voltage under which
an inverter based on nanomaterials can still work with
good inverting behaviors at room temperature. This
low voltage behavior is valuable for low power con-
sumption application.

We have also measured the dynamic behavior of
the inverter driven by square wave with different fre-
quencies at Vpp of 1 V. The high and low levels of the in-
put square wave are 0 and —1V, respectively. At a

EXPERIMENTS

The n-CdS NBs used for fabricating devices were synthe-
sized via an atmospheric vapor—liquid—solid (VLS) method.'®
During the synthesis process, CdS powders (99.995%) were
placed at the upstream of Ar gas as the source. Si wafers cov-
ered with 10 nm thick thermally evaporated Au films were used
as substrates. A tiny Cd grain (99.95%) was placed between the
source and the substrates as the dopant. The temperatures at the
source and substrate locations were about 850 and 750 °C, re-
spectively. The dopant temperature could be changed from 750
to 850 °C by changing the position of Cd grain. By controlling
the mass ratio of CdS to Cd and the position of Cd grain, we
could partially control the electron concentration of the CdS NBs.
The as-synthesized CdS NBs exhibited good n-type conductivity
due to sulfur vacancies and/or cadmium interstitials, which serve
as shallow donors.

The MOSFETs employed in the inverters were fabricated
as follows: First, CdS NB suspension was dropped on oxi-
dized Si substrates, each covered with a 400 nm thick SiO,
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lower frequency of 100 Hz (Figure 4a), good inverting
behaviors are clearly observed. At a higher frequency
of 1 kHz (Figure 4b), RC delays at on and off switching
are observed. The rising (t,) and falling times (t) can be
obtained to be about 0.25 and 0.03 ms, respectively,
measured at 10% and 90% output values from Figure
4b. The delays mainly result from the overlap capaci-
tance between the V| and Voyr electrodes in our in-
verter structure.>>~2° The difference of t, and t; (t,/t; =
8) could be understood by considering the difference
between the on-state current levels of load (~0.35 pA)
and driver transistors (~2.7 wA) (see Figure 2b,d). Chan-
nel electrons charge and discharge the overlap capaci-
tance region with the channel current of the driver be-
ing about 8 times larger than that of the load, resulting
in t, being about 8 times larger than t;. The inverter
can be further improved in the future to minimize the
delays by using active semiconductor materials of
higher carrier mobility and thinner gate dielectrics,
shortening the channel length, and optimizing the
measurement system.® Finally, it is worth noting that
the performance of the inverters remain stable after
they have been exposed to air continuously for 3 or
more months.

CONCLUSION

In summary, we have fabricated ultrahigh-
performance inverters, each consisting of two top-gate
Au/HfO,/CdS NB MOSFETs. The inverters show many
characteristics, such as large Vpp range (from 50 mV to
10 V), ultrahigh voltage gain, and low power consump-
tion. The Voy and Vg, are very close to full rail. The in-
verters also show good dynamic behavior with square
wave input frequencies of up to 1 kHz. The performance
of the inverters is stable with time. The operation of
the inverters is analyzed in detail. These inverters are
promising for future low power high performance logic
circuit applications.

film. Second, UV lithography followed by thermal evapora-
tion and lift-off process was used to fabricate ohmic contact
In/Au electrodes (20/100 nm) on individual n-CdS NBs. The
spatial distance between the ohmic electrodes on each NB
was about 20 wm. Third, a high-k dielectrics HfO, film (20 nm)
was deposited to clad the NB by atomic layer deposition
(ALD) method. Finally, an Au top-gate electrode (~3 pm
wide, 100 nm thick) was made across the HfO,/NB in be-
tween the In/Au electrodes by a similar process as men-
tioned above. Here, two kinds of CdS NBs, labeled as NBs A
and NBs B, were employed to fabricate the two types of
MOSFETSs used in the inverter. The electron concentrations
of NBs A were around 1 X 10" cm~3, while those of NBs B
were around 5 X 10'® cm™3. The electron concentrations of
the CdS NBs can be obtained by measuring CdS NB back-gate
FETs before depositing the HfO, layer."® To construct high-
performance inverters, the MOSFETs based on CdS NBs A
were used as the loads, while those based on CdS NBs B were
used as the drivers.
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