Journal of Materials Science: Materials in Electronics (2019) 30:11493-11498

https://doi.org/10.1007/s10854-019-01502-x

=

Check for
updates

A stress sensor based on a silicon field effect transistor comprising

a piezoelectric AIN gate dielectric

H. Winterfeld’
E. Quandt? - H. Kohlstedt’

- L. Thormahlen? - H. Lewitz? - E. Yarar? - T. Birkoben' - N. Niethe' - N. Preinl - H. Hanssen3 -

Received: 6 February 2019 / Accepted: 11 May 2019/ Published online: 21 May 2019

© The Author(s) 2019

Abstract

Piezoelectric materials have been introduced to transistor gate stacks to improve MOSFET behaviour and develop sensor
applications. In this work, we present an approach to a partly industrial field effect transistor, with a gate stack based upon
low temperature AIN. Using the piezoelectric effect of the nitrogen-polar AIN, we are able to drive the transistor by induc-
ing strain across the device. To ensure maximum sensitivity, the piezoelectric material is placed as closely to the transistor
channel as possible and the transistor is operated in the most sensitive part of the sub-threshold regime. This allows the
detection of different magnitudes of force applied to the device and to easily distinguish between them. The created sensor
was analysed using XRD, current—voltage and specific force application measurements. Furthermore, the continuous response
to periodic low frequency stimulation is investigated. Therefore, we introduce a highly scalable device with a wide range of
application possibilities, ranging from varying sensor systems to energy harvesting.

1 Introduction

Driven by the downscaling of silicon (Si) based semiconduc-
tor devices, there have been tremendous efforts to establish
alternative gate dielectrics as gate materials during the last
decades [1, 2]. Representative dielectric materials include
nitrides and oxides such as, SizN,, AIN, ZrO,, HfO, or
HfSiO, [3-7]. Besides the research on non-polar high-k die-
lectrics, gate stacks comprising ferroelectric complex oxide
materials (e.g. PbZr,Ti,_,O; (PZT) or SrBiTaO, (SBT))
attract considerable interest for non-volatile memory appli-
cations [8—10]. Therefore, a matured ferroelectric field-effect
transistor (FeFET) technology is envisioned in the near
future, comprising HfO, compounds as a ferroelectric gate
stack [11, 12]. Besides the above-mentioned silicon related
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development strand, novel devices and dielectric materials
are used in various applications besides the traditional semi-
conductor information technology (IT). Examples include
thin film transistors (TFTs), smart sensor systems utilizing
piezotronics and piezo-phototronics, biomechanical CMOS
and health care [13-16]. Due to the CMOS compatibility,
AIN could be a promising material for piezo-based applica-
tions [17, 18]. Researchers widely investigate the possibility
of using AIN in energy harvesting devices, ultrasonic trans-
ducers, power semiconductor devices and magneto electric
sensors [19, 20]. Even though other piezoelectric materials
(in the form of polymers or complex oxides) offer higher
piezoelectric coefficients, AIN allows the incorporation of
the proposed sensor into state-of-the-art silicon technology.

In this manuscript we present results obtained from Si
field-effect transistors comprising alternative gate piezoelec-
trics [21-26] made from AIN [27]. The transistors were inte-
grated on silicon cantilevers [28]. By bending the cantilever,
the mechanosensitive response was measured recording the
channel current (Ig) over time [29, 30]. We believe that this
sensor based on a piezoelectric transistor has the potential
to become a valid alternative in fields like accelerometers,
piezoelectric microphones, tactile sensors or magneto elec-
tric sensors.
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2 Device fabrication

The devices were fabricated in a two-part process, with
the first half being produced at the Fraunhofer Institute
for Silicon Technology in Itzehoe (ISIT), 25524 Itzehoe,
Germany and the final steps undertaken in the Nanolabo-
ratory at the Faculty of Engineering at Kiel University. In
the first part of the fabrication, the channel, source, drain
and bulk regions were defined by local oxidation of sili-
con (LOCOS). Subsequently, the source and drain regions
were doped with 5.0 x 10'> cm™ As, the bulk region with
5.0 10" cm™ B and the substrate (and thus the channel
region) with 2.1 x 10'> cm™ B. The length of the result-
ing channel was 10 um and the width was 25 um. The gate
oxide was grown thermally to a thickness of 13 nm (cf.
Figure 1a) in a state-of-the-art silicon Fab line. The 8 inch
wafer was cut into 1 cm? pieces and the wiring (150 nm Ti)
was added (cf. Figure 1b). Following this, the gate stack
(bottom to top: 10 nm Ta/100 nm Pt/500 nm AIN/300 nm
Pt) was deposited over the surface of the entire sample (cf.
Figure Ic). For all steps,standard UV lithography (Karl
Siiss MA6 Mask Aligner) was used. The Ti thin films
were deposited by sputtering and patterned by lift-off. The
nitrogen-polar AIN layer was deposited using the method
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piezo FET piezoelectric layer sample
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Fig. 1 a—c Cross-sectional schematic view of the fabrication process
of the piezoelectric MOSFET structure. d Schematic cross-section
view of the final devices, highlighting the different gate stacks for
both sample types (piezoelectric-FET and reference sample). e SEM
image of the final piezoelectric transistor device on the cantilever
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introduced by Yarar et al. [27]. The polarity was not spe-
cifically chosen, but is given by the growth conditions
during sputtering. TEM analysis on additional samples
showed a (0001) orientation of the polycrystalline thin
film AIN. Afterwards, the gate stack was patterned by ion
beam etching (Oxford Instruments PC3000 and a Hiden
Analytical mass spectrometer for end-point detection). A
cross-sectional schematic of the final device is shown in
Fig. 1d). Additionally, for a better understanding of the
device layout and dimensions, a SEM picture is displayed
in Fig. le). The highlighted area shows a cross-sectional
view of the gate stack after structuring. In a final step,
the samples were polished from 725 pm down to 485 um
thickness and cut into 2 mm X 10 mm cantilevers to allow
reasonable flexibility.

As the piezoelectric layer plays a crucial part in the setup
of the device, the characteristic numbers were measured to
ensure high quality performance (cf. Table 1). These meas-
urements were performed on an additional sample with a
capacitive structure, fabricated alongside the transistor
devices.

For this work, two different types of samples were pre-
pared. The piezoelectric samples make use of the full gate
stack consisting of the SiO, gate oxide, the Ta/Pt seedlayer,
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structure, with the gate stack highlighted in the cross-sectional view. f
XRD measurement results for the gate stack of the piezoelectric FET,
comprising AIN as the piezoelectric material in this sensor. g Graphic
representation of the measurement setup for the proposed sensor



Journal of Materials Science: Materials in Electronics (2019) 30:11493-11498

11495

Table 1 Measured piezoelectric and dielectric properties of the AIN
thin films used in this work

e3¢ (C/m?) dzz¢ (pPm/V) € tan 8 (%) (10° V/m)

—1.40 5.96 10 0.9

the AIN and the Pt top electrode (see Fig. 1d). We would
like to emphasize that the Ta/Pt seedlayer combines two
important features: Firstly, the Ta and Pt thin films serve as
an adhesion layer and a seedlayer for the columnar growth
of the AIN, respectively [27]. XRD analysis of the seedlayer
revealed a (111) orientation of the Pt which aids the growth
of AIN with a high piezoelectric coefficient [27]. Results of
an XRD measurement are displayed in Fig. 1f). Secondly,
the Ta/Pt layer can as well be considered as a buffer to sepa-
rate the electrically important SiO, gate oxide from the AIN
during sputtering.

In addition to the AIN gate stack samples, reference sam-
ples were fabricated in the same way as the piezoelectric
samples without the AIN layer and top electrode (gate) (cf.
Figure 1d). Therefore, they function as a reference during
the measurements, to ensure that the effects originate in
the additional piezoelectric AIN layer and are not due to an
underlying non-polar film or the piezo resistance of the Si
substrate [31].

3 Results and discussion

All measurements were performed using the setup sche-
matically shown in Fig. 1g. The samples were mounted on
the holder and clamped from the top. This ensures that the
cantilevers may only be bend in the desired direction. The
forces were applied to the cantilever in an upwards direction,

using a computer controlled micrometer screw. Further, a
wire-bonder was used to connect the transistors to a cir-
cuit board. The circuit board is connected to the Hewlett-
Packard 4145A Semiconductor Parameter Analyzer, used
for all measurements. To guarantee reproducible results the
cantilever was bend by a micrometer screw, driven by an
electric motor.

The transistor’s characteristic output and transfer curves
were recorded. Figure 2a shows the output characteristics of
a reference sample. The reference sample has the expected
MOSFET output characteristics. In comparison, the output
curves of a piezoelectric sample are displayed in Fig. 2b,
showing no saturation after Vg > Vg — Vi, (here Vi, &3V
is the threshold voltage). This is due to the floating gate
structure of the device, which makes the channel current
dependent upon the drain-source voltage Vg, even in this
voltage region [32, 33]. For a floating gate transistor, the
channel current in the saturation region is given by the fol-
lowing equation:

ﬂn 2 VDS - VDsat g
==Vo \1l+ap——m | .

I, =
P 2 VDsat

ey

Here f, is the transmittance factor, Vp, is the saturation
voltage and ap, is the coupling coefficient to the drain. With
this dependency on the drain voltage, the steady current
increase of the output characteristics can be explained.
Consequently, the transfer characteristics of the piezoelec-
tric sample shift to the left with increased Vi, since the
threshold voltage Vry, is influenced by Vg and the capaci-
tive divider, defined by the classical MOSFET capacitances
(Cgs» Cgp» Cgps with G: gate, S: source, B: bulk and D:
drain) and the additional capacitance (Cgc,; with Co: control
gate) created by the addition of a floating gate into the gate
stack. The transfer characteristics of the reference sample
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FET and the b reference sample = — 2V / =
used in this work. ¢ Measured 2 00 ™3V 2 400
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d reference sample. Insets:
semi-logarithmic representation 04 0+
of the corresponding transfer 0 1 2 3 2 5
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and the piezoelectric sample are shown in Fig. 2c and d,
respectively. From the comparison of these characteristics,
an increase in threshold voltage from Vr ;~2 V for the
reference sample to V&3 V for the piezoelectric sample is
seen. This increase is reflected in the channel current val-
ues reached in the output characteristics. The addition of a
capacitive structure in the gate stack of the transistor reduces
the electric field across the gate oxide and consequently the
current through the semiconductor. Furthermore, for floating
gate transistors the threshold voltage partly depends on the
floating gate charge, which explains the shift experienced by
the transfer characteristics of the piezoelectric field-effect
transistor.

Moreover, the transfer curves are shown on a semi-log-
arithmic scale in the corresponding insets. Considering the
field effect transistor is to be driven by a change in charge in
the piezoelectric layer, a large response to a small change in
charge is desired. Therefore, points of operation located on
the sub-threshold slope of the transfer curve are used. To this
end, the transconductance of a piezoelectric device is given
in the inset of Fig. 2d, identifying the operation region offer-
ing the highest output. The transconductance (shown here
for an additional piezoelectric FET) was recorded in depend-
ence of the applied gate voltage, using a Stanford sr830
Lock-In Amplifier. In the subthreshold region, a change in
the gate voltage of 450 mV leads to an increased current
of one order of magnitude. The transconductance for the
piezoelectric device was determined to be g,, =107 pAV

Initially, the response to a force of the piezoelectric
sample, as well as the reference sample was investigated.

Therefore, the samples were mounted to the holder and
gate voltages of V5g=1.5 V and source-drain voltages of
Vps=2.0 V were applied. When initially applying the volt-
ages to the device, an increase in the channel current can be
observed. The capacitive structure of the piezoelectric sam-
ple under constant external voltages leads to the witnessed
initial rise in current. Additionally, this current increase cor-
responds to a shift in the transfer curve, resulting in lower
voltages needed to operate the sensor at the steepest part of
the subthreshold swing. Therefore, the electric motor was
programmed to raise the micrometer screw 20 um after sam-
ple stabilization. The resulting force F applied to the tip of
the cantilever can be calculated using F =38EI/L? [34]. Here,
o is the deflection of the cantilever tip, E is the modulus of
elasticity (E=125x 10° Pa [35]), I is the moment of inertia
(I=bh*/12, with b=2 mm and h ~ 485 um) and L is the
length of the free-standing cantilever (L ~ 7.5 mm).

The result of a deflection of 20 um (equivalent to a force
of 340 mN) on both types of samples is shown in Fig. 3a).
The force is applied after about 3000 s and results in an
increase in current for the piezoelectric sample only. Appling
a force to the reference sample has no effect on the current
response, underlining that the piezoelectric layer is responsi-
ble for any current change. From the conducted comparison
of the two devices, we are convinced that no stress induced
effects in the semiconductor, such as strained silicon, con-
tribute to the changes in the channel current. The deflection
is kept constant until the current dropped back to a relaxed
state. Since the force applied does not change during this
time, a charge equalization must take place, which is caused

Fig.3 a The current response of (a) Force on cantilever @ Piezoelectric sample @ Reference sample
the piezoelectric sample (black) 0.8 V=15V
and the reference sample (red) VG ~ 2 oV ™
to a force of 340 mN applied 061 =77 '
to the tip of the cantilever. z
Additionally, the applied force 2 =
is shown (green). b Current 5 0.4 8
response of the piezoelectric 3 ~_ 2
sample to applied forces of 340 0.2 1
mN, 670 mN and 1 N. Inset: S~ ﬂ r/—
Change in channel current in 0.0 Lo
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by a leakage current across the AIN. When the equalized
state was reached, the force on the cantilever was lifted. The
result is a current peak in the opposite direction and once
more, a relaxation period. This relaxation characteristic is
a result of leakage currents across the piezoelectric AIN.

Additionally, the response to varying forces on the
cantilever was investigated. Therefore, the piezoelectric
sample was exposed to a gate voltage of V5g=2.0 V and
source-drain voltage of Vpg=2.0 V. Thereafter, the tip of
the cantilever was deflected 20 ym, 40 yum and 60 um by
the micrometer screw. After each deflection, the relaxation
of the device was awaited before returning it to its initial
state by detaching the micrometer screw. Increasing deflec-
tion, i.e. applying a greater force, leads to a linear rise in
the initial current response (cf. Figure 3b). The linearity of
the current response is highlighted in the inset of Fig. 3b,
where the increase in current is displayed against the cor-
responding forces applied to the cantilever. From this, the
smallest detectable force (F,,;, =250 mN) and the sensitivity
(§=60 pA/N) of the device can be determined. However,
the detectable force is strongly dependent on the cantilever
geometry, which could be changed to optimize these char-
acteristic values. Nonetheless, the magnitude of the force
applied, as well as the duration of the excitation signal, can
be qualitatively deduced from the output signal of the sen-
sor. In comparison to other transistor based approaches, the
proposed sensor shows higher sensitivity in similar force
ranges [36]. Additionally, the sensor setup utilized in this
work consist of a single sensor device and is not amplified
by a subsequent circuit [37].

Lastly, the device response to a periodic signal (cf. Fig-
ure 4a) was investigated. When the cantilever was deflected
20 um for AT, =10 s, the characteristic current increase was
seen. Afterwards, the cantilever was released and returned to
its initial position for AT, =10 s. This action was repeated

100 times and the results are shown in Fig. 4b. Over the
course of the measurement it can be seen that stabilization
takes place. Even though the change in current stays the
same during the measurement, initially, a fall in the maxi-
mum and minimum current values can be observed. This
stabilization manner can most likely be linked to a charging
of traps in the isolating layers, which were probably created
during the plasma processes used in the fabrication of the
device. Using modern silicon technology, additional pro-
cessing steps such as an annealing step could be introduced
to alleviate this problem in the future. However, we cannot
be sure in which layer these traps are located exactly. The
stabilized periodic behavior is highlighted in the inset in
Fig. 4b. Here, the continuous response to the same stimula-
tion over a larger period of time is shown. These measure-
ments show the reliability of the sensor, producing the same
stable output signal in response to an unchanged input.

4 Conclusion

The possibility of creating a CMOS compatible piezo-
electrically driven MOSFET, based upon low temperature
sputtered AIN was shown. Placing the sensing material on
top of a field-effect-transistor brings the sensor as closely
to an amplifier as possible and thus reduces noise. Addi-
tionally, we were able to show that the magnitude of force
applied to the cantilever can be determined from the current
response. It could further be determined that the change in
channel current in response to an applied force follows a
linear trajectory, simplifying future application of this sen-
sor. Moreover, we showed that a periodic stimulation of the
device results in a continuous, invariant response. Since a
partly industrial fabrication process was used, we believe
that the device performance can be improved by moving to

Fig.4 a Pulse train applied (a)
to the cantilever in order to
investigate current responses to = AT AT
periodic stimulation. b Current % 0.34 4 S —
response to periodic stimulation s '
(deflection of the cantilevers * oo
tip of 20 um, 100 times). Inset: 0
Magnification of the highlighted time
part of the current response (b) 30 15
(Color figure online) Ve=11V
251 Vps=2.0V 10 4
< 204 5
£ 1000 1100 1200 1300
£ 15 A
3
10 A
5 L T T T T
0 500 1000 1500 2000
time (s)
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a state-of-the-art fabrication process. This could improve
the subthreshold swing of the transistor, resulting in a larger
change in channel current for the same applied forces and
thus improving sensitivity. Therefore, we believe that this
device has great application possibilities within sensors,
energy harvesting or other areas.
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