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Silicon junctionless nanowire transistor (JNT) is fabricated by femtosecond laser direct writing on a heavily n-doped
SOI substrate. The performances of the transistor, i.e., current drive, threshold voltage, subthreshold swing (SS), and
electron mobility are evaluated. The device shows good gate control ability and low-temperature instability in a temperature
range from 10 K to 300 K. The drain currents increasing by steps with the gate voltage are clearly observed from 10 K to
50 K, which is attributed to the electron transport through one-dimensional (1D) subbands formed in the nanowire. Besides,
the device exhibits a better low-field electron mobility of 290 cm?-V~!.s~!, implying that the silicon nanowires fabricated
by femtosecond laser have good electrical properties. This approach provides a potential application for nanoscale device

patterning.
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1. Introduction

The rapid downscaling of metal-oxide—semiconductor
field-effect transistors (MOSFETs) has posed increasing chal-
lenges such as short channel effect and degenerated carrier
mobility. In particular, the ultrasharp pn junction with ex-
tremely high doping gradients becomes difficult to manufac-
ture as the gate length is reduced down to 10 nm or even
less. The junctionless nanowire transistor (JNT) has been re-
cently proposed as a promising alternative to a new gener-
ation of transistors.!"”] The doping concentration of JNT is
uniform through the source, channel and drain. The current
flows through the bulk of the channel as opposed to just along
the surface in comparison with junction-based inversion-mode
MOSFET. Consequently, JNT exhibits more excellent electri-
cal performances. The key to fabricating JNT is the formation
of an ultra-narrow channel to ensure the full depletion of car-
riers under zero gate voltage.

For decades, photolithography has been the predominant
method of fabricating MOSFETSs. Photolithography uses light
to transfer a patterned feature from a photomask to photore-
sist on semiconductor wafer. Since the cost for lithographic
equipment and photomask sets keeps rising with each technol-
ogy generation, alternative cheaper patterning techniques are
urgently required. The nanofabrication utilizing laser as an en-
ergy source has a multitude of advantages including maskless,

three dimensions, high resolution and rapid prototyping,>*!
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providing an attractive method for nanoscale patterning appli-
cations. Early experimental results showed that the nanostruc-
tures fabricated by laser ablation always have thermal dam-
ages. However, femtosecond laser lithography can transform
the photoresist by absorbing one or multiple phonons, which
will dramatically reduce the thermal damages. In this ap-
proach, the focused femtosecond laser is directly used to write
the desired image into the photoresist without lithographic
mask. Thus, it offers great flexibility due to its maskless and
discretionary nature. Previous theoretical and experimental
results have proved that the multiphoton nanofabrication has
the potential to exceed the diffraction limit. [5] Besides, the in-
teraction between the femtosecond laser and the material oc-
curs only in the vicinity of focal spot, leaving material surface
intact. This manufacturing technique has been successfully
utilized to fabricate nanoscale dot arrays and lines in silicon
wafers. (671

In this paper, we demonstrate the experimental results of
JNT fabricated by femtosecond laser two-photon lithography.
Two laser beams are focused by an optical lens system to be
a writing spot on the wafer surface, which provides the opti-
cal energy for transforming the photoresist. Two dry etching
processes are implemented to transfer the desired image from
the negative SCR500 resin onto the top silicon layer. The fab-
ricated JNT exhibits good gate control ability, large electron
mobility, and good low-temperature instability.
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2. Device fabrication

The starting material was a (100)-oriented SOI wafer with
a 55-nm-thick top silicon and a 145-nm-thick buried oxide.
Two laser beams with the peak wavelengths of 800 nm and
400 nm were utilized to fabricate the device. The pulse width
and repetition rate were 100 fs and 82 MHz, respectively. The
top silicon layer was uniform heavily doped by phosphorus
ion implantation with a dose of 5 x 10'3 cm~2, leading to a
doping concentration of 1 x 10'° ecm™3. It was followed by de-
positing a 50-nm-thick SiO, layer on the top of SOI substrate.
The SiO, layer was chosen to minimize the standing wave
effect of the femtosecond laser.¥! Afterwards, femtosecond
laser lithography with optimized laser powers of 3.38 mW for
800 nm laser and 2.02 uW for 400 nm laser was utilized to
linearly pattern twin nanowires connecting two pads, as illus-
trated in Fig. 1(a). The speed of transportation of the sample
in this process was 80 um/s. The laser beams focused by an
objective lens with a numerical aperture of 1.45 were scanned
onto the substrate covering negative SCR500 resin by adjust-
ing the position of translational stage. The photoresist was
exposed via two-photon absorption in the area where the laser
beams scanned across the photoresist. Figure 1(b) shows the
scanning electron microscopy (SEM) image of the patterned
photoresist mask. The desired image was transferred from
the negative photoresist onto top silicon layer by two-step in-
ductively coupled plasma (ICP) etching process. First, the
deposited SiO, layer was etched with the exposed photoresist
as hard mask. Afterwards, the top silicon layer was etched
with SiO» as hard mask. The patterned SiO; mask is shown in
Fig. 1(c). After the etching step, SiO; layer was removed by
5% HF. The SEM image presented in Fig. 1(d) shows that the
width of nanowire with smooth surface is about 75 nm on av-
erage and the length of nanowire is 500 nm. The transfer line
width after etching top silicon layer reduced 8 nm in compar-
ison with the exposed line width on the photoresist. Then the
sample was oxidized in dry oxygen at 900 °C for 1 h, resulting
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Fig. 1. (color online) (a) Schematic diagram of femtosecond laser pro-
cess, (b) SEM image of the photoresist patterns, (c) SiO; patterns, and (d)
silicon patterns after removing SiO, mask of the twin-channel JNT.

in the formation of silicon fin with a height of 28 nm (H) and
width of 55 nm (W). The thickness of SiO, gate dielectric
formed by thermal oxidation was about 22 nm. The length of
patterned heavily arsenic doped poly-silicon gate was 320 nm

(L).

3. Results and discussion
3.1. Electrical properties at room temperature

The electrical characteristics of JNT are characterized by
Agilent B1500 semiconductor parameter analyzer. Low tem-
perature characterizations are carried out by Lakershore-340
temperature controller under high vacuum. At room tempera-
ture, the silicon JNT exhibits good transfer and output charac-
teristics. The curves of drain current Ipg versus gate voltage
Vis in Fig. 2(a) show that the fabricated JNT operates as a
normally-off device with a low gate leakage current of several
pA. The SS and the threshold voltage (Vi) are 140 mV/dec
and 0.68 V, respectively. The on/off current ratio is large than
1x107.
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Fig. 2. (color online) Measured drain current characteristics at room tem-
perature, showing (a) drain current versus gate voltage for drain voltages
of 0.1 V and 1.0 V, and (b) drain current versus drain voltage for different
gate voltages.

The plot of the extracted transconductance (gm =
dIps/dVgs) versus Vgs from transfer characteristics at Vpg =

10 mV is shown in Fig. 3. The low-field electron mobility p is
extracted in linear part by using ¥ = Ips/,/gm method, which
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is independent of the series resistance and mobility attenuation

factor, and expressed by!’!

Ins/v/gm = [(Wetr/L)CoxtoVis] /> (Vas — Vin)- (D

Here C, is the gate capacitance per unit area and estimated
to be 1.56 x 107 F/cm? for 22-nm-thick gate oxide layer,
L is the gate length, and W = 2(W + 2H) is the effec-
tive width for twin silicon nanowires. The inset of Fig. 3
shows the corresponding plot of the Ips/,/gm as a function
of Vgs. The extracted low-field mobility at Vpg = 10 mV is
290 cm?-V~!.s7!. This suggests that the femtosecond laser
lithography can impede damages normally introduced by high
thermal density in laser ablation process, resulting in enhanced

electron mobility in JNT.
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Fig. 3. (color online) Plot of transconductance gy, versus Vgs at Vpg =
10 mV, with the inset showing the corresponding Ips//gm plot for the
device.

3.2. Temperature-dependent transfer characteristics

Next, we focus on the temperature-dependent transport
of JNT. When the temperature is reduced, the interesting elec-
trical results are observed. Figure 4(a) shows the measured
transfer characteristics of INT with Vpg = 10 mV at different
temperatures. The Ipg decreases with temperature decreasing.
Significantly, the transfer characteristic exhibits stepwise fea-
tures below temperature ~ 50 K, as a result of the Fermi en-
ergy Er being tuned through the density of states (DOS) peaks
of 1D subbands.!'”) However, the step-like feature is found to
be smeared out with the thermal smearing of 1D energy levels
above 50 K. This is because the thermal broadening (kgT') at
50 K are too large to distinguish the energy separation between
quantized subbands, where kg is the Boltmann constant.!!!]
Figure 4(b) shows the transfer curve and the corresponding
transconductance g, as a function of Vg at the low temper-
ature of 10 K. The black arrows mark the fixed gate voltage
positions for the g, valleys. The positions correspond to the
gate voltages of 1.27 V, 1.41 V, 1.56 V, and 1.74 V. The dot-
ted lines mark the corresponding conductance heights. The

height ratio of four current steps is 0.70:2.00:2.34:1.00. The
heights of the first and fourth current step are approximately
half the second step and half the third step, respectively, which
infers that the second and third subband are two-fold degener-
ate with respect to the other two subbands. The interesting ob-
servation can be ascribed to the splitting of equivalent valley
in silicon conduction band. The six valleys of silicon are split
into twofold degenerate valleys and fourfold degenerate val-
leys according to the effective mass.!'>!3] A noticeable point
is that the step-like current is not evident above a gate voltage
of 1.8 V. It infers that 1D electron confinement effect is more
obvious at the initial stage of the transfer characteristics. In
n-type JNT, electron transport regime is surrounded by a high-
depleted potential barrier under flatband condition, leading to
a more remarkable quantum confinement effect than that under
the above flatband condition. The result is in good agreement

with the theoretical result. 4]
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Fig. 4. (color online) (a) Plots of measured Ipg versus Vgs at different
temperatures (10 K, 20 K, 50 K, 100 K, 150 K, 200 K, 250 K, and 300 K)
and Vps = 10 mV. The insert shows thermal broadening functions!"! at
10 K and 50 K. The energy distribution of electrons at 10 K is signifi-
cantly narrower. (b) Conductance and transconductance characteristics of
JNT measured at 10 K with Vpg = 10 mV.

3.3. Temperature-dependent electrical parameters

Any variation of temperature will induce the change of
electrical parameters of INT device, such as the threshold volt-
age, flatband voltage, subthreshold swing and electron mobil-
ity. Temperature instabilities of some electrical parameters are
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investigated in a temperature range from 50 K to 300 K.

The left curve of Fig. 5(a) shows the variation of maxi-
mum transconductance gm max With temperature in the predi-
cated value. Since gm max 1S @ measure of the peak effective
mobility, the variation of gm max With temperature reflects the
variation of electron effective mobility with temperature. The
measured result shows that the electron mobility increases in
a temperature range from 50 K to 175 K, because impurity
coulomb scattering is dominant in the scattering rate for the
heavily doped channel at low temperatures. While the elec-
tron mobility decreases in a temperature range from 175 K to
300 K, which can be ascribed to the enhancement of phonon
scattering at higher temperatures. Our data are in agreement
with the reported results in Ref. [16]. The SS follows the theo-
retical expression SS = n (kg7 /¢)1In(10), where n is the body
effect coefficient. The value of n equals 1 in the ideal con-
dition. The right plot in Fig. 5(a) shows the temperature de-
pendence of SS. It almost presents a linear decrease in a tem-
perature range from 300 K to 150 K and the average value
of n is 2.8, which stems from the existence of traps around
Si/Si0; interface and in the poly-silicon gate. However, the
shift slope of SS with temperature becomes slightly smaller
than the predicted value at temperatures lower than 100 K due
to the nonuniform distribution of traps,!!”) which is mainly in-
duced by etching and thermal oxidation procedure.
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Fig. 5. (color online) (a) Temperature-dependent SS and the maximum

gm- (b) Experimental Vi, of INT as a function of temperature. The applied
Vbs equals 10 mV.

Figure 5(b) shows the evolution of Vi, with temperature.
It can be seen that V4, is negatively shifted with temperature in-
creasing. The experimental negative shift of Vi, is 2.1 mV/K.
From Ref. [18], the variation of Vi, with temperature is ex-
pressed as

@)

nj

ol () T L
dTr q

where n; and Ny denote intrinsic carrier density and the doping
concentration, respectively. The theoretical value of dVy,/dT
is 0.45 mV/K, which is much smaller than the experimental
value of 2.1 mV/K. We attribute this phenomenon to the influ-

ence of thermal activation of traps.!!%->0]

4. Conclusions

In this work, the JNT with the physical channel cross-
section area of 28 nmx55 nm is fabricated by femtosecond
laser lithography. The extracted low-field electron mobility
is 290 cm?-V~!.s~!, inferring that this method can well im-
pede the damage of the crystalline structure of silicon. Be-
sides, the increase of current steps with gate voltage is clearly
observed at a temperature of 10 K, which is attributed to the
electron transport through degenerated 1D subbands formed
in the nanowire. The mobility is phonon limited at tempera-
tures larger than 175 K, while it appears to be limited by impu-
rity scattering below that temperature. The slope of threshold
voltage shift with the temperature is 2.1 mV/K due to the influ-
ence of interface traps. These results help us better understand
the transport mechanism in JNT at low temperatures. The de-
velopment of this novel maskless lithography has tremendous
potential for opening a new market in nanoscale device fabri-
cation. The low cost and high resolution process is expected to
provide an accurate, repeatable and efficient means of creating
nanoscale structures for device applications.
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