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technologies such as piezoelectric, triboelectric, thermoelectric micropower
generators. These energy harvesting
approaches are all intermittent by nature.
Hence, self-powered devices require the
integration of on-chip energy-storage unit
to work in tandem with the energy harvester.[5,6] However, conventional batteries
lack the necessary cycle life and cannot
deliver the required high power for applications where battery replacement may
not be practical (e.g., implantable medical
biosensors, remote sensors, sensors for
structural health monitoring, and IoT sensors). In contrast, micro
supercapacitors
(MSCs) have very long cycle life,
fast charging rates, and high-power
density.[7–12] In addition, by drawing the
maximum current that the source can
supply, MSCs charge more efficiently
compared to thin film batteries, making
supercapacitors more suitable for selfpowered system applications in which the harvester-generated
voltage may be variable.[13]
In order to store energy from such intermittent harvesters,
the AC signal must first be rectified before being stored in an
electrochemical capacitor. Many publications on self-powered
devices use off-the-shelf bulky rectifiers at the interface between
the nanogenerator AC signal and a storage capacitor.[14,15] These
rectifiers, which are made using conventional silicon-based
p–n or Schottky junction diodes, are bulky as they are packaged inside IC chip carriers, which makes miniaturization of
the nanogenerator–electrochemical supercapacitor system
challenging. It is therefore important to replace these bulky
rectifiers with rectifiers fabricated using thin film electronics
technology integrated on the same chip with electrochemical
capacitors.
In this work, we propose a new approach to integrate electrochemical microsupercapacitors on-chip with thin film transistors (TFTs) and rectifiers to fabricate a highly integrated monolith
rectifier–storage unit. A unique aspect of this work is that we
use the same material for both transistor gate electrodes and
microsupercapacitors electrodes, which significantly simplifies
the fabrication process leading to easy integration with nanogenerator and sensor. The integrated microsupercapacitors–thin
film rectifier system performance is demonstrated using signals
generated from triboelectric nanogenerators as well as function
generators. The performances of the microsupercapacitors,

The development of self-powered electronic systems requires integration
of on-chip energy-storage units to interface with various types of energy
harvesters, which are intermittent by nature. Most studies have involved
on-chip electrochemical microsupercapacitors that have been interfaced
with energy harvesters through bulky Si-based rectifiers that are difficult
to integrate. This study demonstrates transistor-level integration of
electrochemical microsupercapacitors and thin film transistor rectifiers. In this
approach, the thin film transistors, thin film rectifiers, and electrochemical
microsupercapacitors share the same electrode material for all, which allows
for a highly integrated electrochemical on-chip storage solution. The thin
film rectifiers are shown to be capable of rectifying AC signal input from
either triboelectric nanogenerators or standard function generators. In addition,
electrochemical microsupercapacitors exhibit exceptionally slow self-discharge
rate (≈18.75 mV h−1) and sufficient power to drive various electronic
devices. This study opens a new avenue for developing compact on-chip
electrochemical micropower units integrated with thin film electronics.

In recent years, autonomous and self-powered electronic
devices started playing an increasingly important role especially in applications such as wearable electronic devices,
epidermal electronic sensors, and sensors for the internet of
things (IoT).[1–4] This gave rise to a range of energy harvesting
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Figure 1. a) Schematic illustration of the integrated microsupercapacitorsthin film rectifier circuits fabricated on a glass substrate. b) The
microsupercapacitors, c) the field-effect rectifier, and d) a typical single
microsupercapacitors/rectifier unit. In some cases, multiple microsupercapacitors were connected to increase the output potential.

thin film transistor rectifiers, and integrated system show that
it is a promising approach for self-power system applications.
Figure 1a shows a schematic illustration of our device concept. The unit consists of microsupercapacitors (Figure 1b)
fabricated using a total of 30 fingers of length 2350 µm each
that have 100 µm width each and 50 µm spacings between

them having a total surface area of 0.096 cm2. The rectifier
circuits (Figure 1c) were fabricated on the same substrate.
By using RuO2 as a common electrode material for both the
microsupercapacitors and transistor electrodes, a compact
rectifier–electrochemical microsupercapacitors device was
fabricated as shown in Figure 1d. The schematic of the device
process flow is illustrated in Figure S1a (see Supporting
Information Section).
RuO2 was selected as electrode material for both thin film
transistors and electrochemical microsupercapacitors for several
reasons: 1) it is a well-known pseudocapacitive electrode material, 2) it exhibits metallic conductivity, which is an important
characteristic for microsupercapacitors and transistor electrode
materials, 3) it has good cycling stability, and 4) our RuO2 process shows very good self-discharge characteristics, when processed with the appropriate microstructure, as we show later.
Different RuO2 thin films were prepared on glass substrates
at room temperature by reactive magnetron sputtering in a
gas mixture of Ar and O2 using a ruthenium metal target. The
electrical resistivity of different RuO2 thin films was studied
using four-probe measurements as a function of oxygen partial pressure (Opp) and RF power. It was found that the resistivity increases with increasing Opp (Figure 2a) but decreases
with increasing deposition RF power (Figure S2a, Supporting
Information). Film crystallinity was found to improve with RF
power, leading to a more ordered film and hence resistivity
decreases.[16] It should be noted, however, that the resistivity

Figure 2. a) Variation of RuO2 thin film resistivity deposited in different oxygen partial pressures. b) XRD diffraction patterns obtained from the same
RuO2 films deposited on glass substrate. The inset shows high-resolution XRD spectra for (110) plane. c,d) The comparison of Raman spectra (c) and
XPS spectra (d) for different RuO2 thin films. XPS curve fitting revealed the existence of multioxidation state of Ru and absorbed moister in the oxide films.
e) The atomic force microscopy (AFM) surface profile shows a smooth surface with a surface roughness value of 1.95 nm (RMS). f) The high-resolution
cross-section transmission electron microscopy (TEM) image of a typical multilayer stack used to fabricate TFTR.
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values are found to be comparable to previously reported resistivity values of sputtered RuO2 .[17]
The crystallinity of RuO2 thin films deposited on glass substrates was investigated using X-ray diffraction (XRD), as shown
in Figure 2b. The major crystalline peak corresponding to
(110) planes of RuO2 is present at 2θ = 28° for all samples. It is
noticeable that the peak becomes broad for RuO2 films deposited at higher Opp. Another broad peak was found at 55° corresponding to the (211) planes for the samples deposited using
more than 20% Opp. These peaks are consistent with the rutile
crystal structure of RuO2.[18,19] The RuO2 thin films are further
characterized by Raman spectroscopy (Figure 2c), which shows
three major Raman vibration modes, including Eg, A1g, and
B2g located at ≈505, 621, and 685 cm−1, respectively. The Eg and
A1g peaks are found to be broad with a redshift at higher Opp,
indicating less ordered films.[20,21] The XRD and Raman shifts
obtained from pure Ru (0 Opp) were also studied as a reference, and are shown in Figure S2b,c (Supporting Information),
respectively.
The chemical compositions of different RuO2 thin films
were analyzed using X-ray photoelectron spectroscopy (XPS),
as shown in Figure 2d. It can be observed that the XPS spectrum for Ru 3p is a doublet, with 3p3/2 and 3p1/2 observed at
lower and higher binding energies, respectively. The thin films
show no metallic Ru, rather they are fully oxidized and peak
fitted to four components. The main intense peaks at 462.7
and 484.9 eV are attributed to Ru4+ (shown as region “I” in
Figure 2d).[22] The three small peaks at higher binding energy
are attributed to absorbed moisture: RuOx·yH2O (at 464.8 and
486.9 eV (region “II”), Ru6+ of RuO3 (at 466.3 and 488.6 eV
(region “III”), and Ru8+ of RuO4 (at 468.1 and 490.3 eV (region
“IV”).[23,24] It was noticed that the peaks shift slightly toward
higher binding energies with increasing Opp values. Also, from
the XPS curve fitting results, it was found that the amount of
RuOx·yH2O increases with increasing Opp. For example, about
8% higher RuOx·yH2O was observed for RuO2 films deposited
at 28% Opp as compared to 8% Opp RuO2 films. The surface
morphology of the RuO2 thin film deposited under 28% Opp
was inspected using atomic force microscopy and is shown
in Figure 2e. The RMS value of roughness was found to be
1.95 nm for the 250 nm thin film on a glass substrate. Figure 2f
shows a high-resolution cross-section dark field scanning transmission electron microscope image of a typical multilayer stack
used to fabricate rectifiers in this study. All layers can be clearly
identified with relatively sharp interfaces, which illustrates the
uniform deposition process of the different layers.
TFTs were developed and used to fabricate on-chip rectifiers
which were subsequently integrated with the electrochemical
microsupercapacitors. Our goal was to make thin film transistors in the bottom gate configuration, wherein the transistor
gate material (RuO2) is the same material used for the electrochemical microsupercapacitors electrodes. A typical structure
of our TFTs is shown in Figure S4 (Supporting Information).
From our previous report,[25] we know that ZnO (≈25 nm) as a
channel layer and HfO2 (≈130 nm) as a gate dielectric can give
good TFT performance and hence we started our study considering these facts. Notice that the gate material is made with
RuO2, which is the first report on ZnO-based TFTs using RuO2
as gate electrodes. The output and transfer curves obtained
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from a typical TFT are shown in Figure 3a,b, respectively. It can
be seen that the output curves show good saturation with no
hysteresis in the transfer characteristic curves. The fabricated
TFTs show high Ion/Ioff ratio of >108, a subthreshold swing
of ≈791 mV dec−1, and high saturation mobility (µSat) of
≈12.82 cm2 V−1 s−1 with a turn-ON voltage of −2.13 V. The TFT
performance obtained with RuO2 as a gate electrode is comparable to ZnO-based TFTs reported in the literature.
Thin film transistor rectifiers (TFTRs) are designed and fabricated in this study by shorting the gate to drain terminals of
the transistor; in this way, the device operates only in saturation region following the relationship: Vin > VDsat + Vth > VON.
Hence, the gate to drain short terminal acts as an anode (input
terminal) of the TFTR and the source terminal acts as a cathode
(output terminal). Therefore, during the application of the positive bias to the anode, charge accumulation in the channel/
gate dielectric occurs due to electric field effect and, as a result,
the diode conducts resulting in forward bias configuration
just like a conventional diode. The electrons are depleted from
the channel/gate dielectric interface under the application of
the negative voltage to the anode terminal. Hence, the TFTR
becomes reversed biased which prevented negative voltages
from passing through the diode. By shorting the gate to drain
terminals of the TFTs mentioned above, we obtained a poor
DC rectification ratio of ≈104 times only (Figure 3c). It can be
observed that the forward current of the TFTR at 10 V is comparable with the ON current of the TFT. However, the reverse
biased current of the TFTR is on the order of ≈10−8, whereas
the OFF current of the TFTs is on the order of ≈10−12. We
believe that the negative turn-ON voltage of the TFTs limited
it to be fully depleted resulting in high reversed bias leakage
current. We took a strategy to reduce the reverse biased rectifier leakage current by shifting the turn-ON voltage to higher
positive values while keeping the same electron mobility, and
ON current. We shifted turn-ON voltage by reducing the thickness of the channel layer keeping other layers of the TFTs
unchanged. However, beyond a certain thickness of the channel
layer, the mobility and the ON current start reducing significantly. Here, we included TFT performance obtained from
the devices with channel thicknesses of ≈20 nm and ≈14 nm.
Good current saturation was obtained in both devices as shown
in Figure 3d,g. Also, from the transfer curves, it was found
that the turn-ON voltage reduces to 0.75 V for the TFT with
a channel thickness of ≈14 nm (see Figure 3h). However, the
saturation mobility was slightly reduced (≈11.96 cm2 V−1 s−1),
but still acceptable for the rectification operation. Also, an ON/
OFF ratio of ≈109 and low SS of 417 mV dec−1 were obtained. A
good DC rectification ratio of ≈107 times at ±10 V was obtained
(Figure 3i). This rectification ratio is comparable to many p–n
junctions, and Schottky diodes reported elsewhere.[26–28]
For the AC performance of a single stage TFTR, the output
signal was captured using an oscilloscope across a load resistance (Figure 4a). Figure 4b shows applied input sinusoidal
signals (1 kHz frequency) with different peak to peak voltage
values. The output half wave signals obtained using different
external loads including 5.5k, 10k, 46k, 67k, 98k, 110k, and
10 MΩ are shown in Figure 4c. It was found that with
increasing load resistance, the positive maximum peak voltage
increases up to 4.48 V when 110 kΩ resistance was used as an
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Figure 3. Optimization of the thin film transistor and rectifier performance with RuO2 gate contacts. a–c) The output (a), transfer (b), and DC
rectification (c) performance obtained from devices using 25 nm ZnO channel thickness. d–f) The output (d), transfer (e), and DC rectification
(f) performance obtained from devices using 20 nm ZnO channel thickness. g–i) The output (g), transfer (h), and DC rectification (i) performance
obtained from devices using 14 nm ZnO channel thickness. A DC rectification ratio of ≈107 was achieved using 14 nm channel thickness. The RuO2
gate electrode thickness was maintained at 250 nm.

external load. However, the peak voltage decreases to 800 mV
with the use of 10 MΩ as an external load. In our remaining
study, we used 110 kΩ as the external load.
However, it was found that the output signals contain a
smaller voltage amplitude as compared to the input signals
(Figure 4d), which implies some voltage drop across the TFTR
(as the channel has a finite resistance).[29] With fixing external
load (110 kΩ) and peak to peak voltage of 20 V, different
input signals with varying frequency were studied to monitor
output performance, as shown in Figure 4e. It was found that
the TFTR performed well in the frequency range of 10 Hz to
30 kHz. At frequencies higher than 30 kHz, the output signal
did not follow the input signal well, resulting in poor rectification. Even though the higher cut-off frequency of our TFTRs is
smaller than conventional diodes, it is still suitable for many
self-powered sensors, where a signal with a frequency range
from few Hz to several kHz is required. In context, the TFTR
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with −2.13 V as turn-ON voltage shows AC rectification up to
200 Hz only (see Figure S6, Supporting Information).
Also, the TFTRs were characterized with the output signal
of a homemade triboelectric nanogenerator (TENG). A typical
TENG signal which was used as an input signal to the TFTR,
and the half-wave rectified signal is shown in Figure S7 (Supporting Information). This result shows that our TFTRs with
RuO2 electrodes can be used to rectify different input AC signals, including those generated by TENGs.
For self-powered systems, microsupercapacitors offer several
advantages as integrated micropower sources. We fabricated
microsupercapacitors with interdigital electrodes using the
same RuO2 material used for transistor and rectifier contacts to
facilitate their on-chip integration. RuO2 thin films containing
higher RuOx·yH2O content were used to improve supercapacitor performance.[30] The electrochemical performance was
evaluated using a polymer gel electrolyte poly(vinyl alcohol)

1807450 (4 of 9)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advmat.de

Figure 4. a) Circuit diagram of the set-up used to measure AC rectification of RuO2-gated thin film transistor rectifiers. b) Sinusoidal AC input signals
with different amplitudes. c) Half wave output signals obtained across different external loads. d) Half wave output signals obtained after the application of different peak to peak voltage-based input signals. e) Half wave output signals obtained under the application of different input signals carrying
different frequency.

(PVA)–H2SO4) cross-linked with glutaraldehyde (GA). Four gel
electrolyte solutions prepared using 0.5, 2.5, 5, and 10 mass%
GA, respectively, were added into PVA–H2SO4 solution. The
cyclic voltammetry (CV) measurements were performed using
these four-gel electrolytes coated on identical RuO2 microsupercapacitors, as shown in Figure 5a. It can be seen that
nearly rectangular CV curves with a potential window of 1.0 V
were obtained for all devices under a scan rate of 100 mV s−1.
The absence of oxidation and reduction peaks with near rectangular CV shape shows nearly ideal capacitive behavior with
excellent reversibility, high rate capability, fast redox reactions
at the surfaces of the electrodes. Further, it was found that the
area under the CV curve increases with decreasing GA amount.
This means that a critical volume of the cross-linking agent is
required to achieve good performance, where the gel electrolyte
can produce sufficient ions and good quality interface between
active electrodes/electrolyte.[31,32] The solidification of the gels
increases dramatically with increasing GA content leading
to higher internal resistance. As a result, the electrochemical
performance degrades at higher volumes of GA.[33]
The capacitive behavior was further investigated using galvanostatic charge–discharge (CD) measurements at a fixed current density of 0.1 mA cm−2, as shown in Figure 5b. All CD
curves show near linear and symmetric charge and discharge
profiles, which suggests an excellent capacitive behavior with
a rapid current–voltage response. The highest capacitance
values were obtained for the MSC with 0.5% GA (Figure 5c).
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It should be noted that the areal capacitance values in our
RuO2-based MSCs are small as compared to chemically derived
RuO2 electrode (e.g., Liu et al. reported areal capacitance of
40.7 mF cm−2[34]) or even conventional carbon-based MSCs (e.g.,
Kou et al. reported areal capacitance of 177 mF cm−2 in reduced
graphene oxide (rGO)/carbon nanotube (CNT)-based super
capacitors[35]). The small capacitance is mainly due to three
reasons: 1) lack of sufficient water in the sputtered RuO2 thin
films, as compared to chemically derived RuO2, which limits protonic conduction in the bulk of the active material;[36] 2) sputtered
RuO2 electrode surface is very smooth, and has almost no pores,
which reduces the electrochemically active surface area of the
electrodes; 3) thickness of the RuO2 electrodes is only ≈250 nm,
which is significantly smaller than thickness of electrodes used
in conventional MSCs.[37–40] However, the volumetric capacitance of our microsupercapacitors is still comparable to many
reported carbon-based microsupercapacitors. A comparison of
the areal and volumetric capacitance of our RuO2 with several
other materials is presented in Table S1 in the Supporting
Information section.
The effect of RuO2 electrode thickness on electrochemical
properties was also investigated with four different RuO2 thicknesses (125, 250, 500, and 750 nm). The CV and CD curves
are presented in Figure 5d,e, respectively. It can be seen that
the areal capacitance increases with RuO2 thickness, as shown
in Figure 5f, which can be attributed to the increased electrode surface area exposed to the electrolyte. Further details
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Figure 5. Performance of microsupercapacitors sharing same RuO2 electrodes with thin film rectifiers. a) CV, b) CD, and c) effect of glutaraldehyde amount
in electrolyte on areal capacitance. d) CV, e) CD, and f) effect of RuO2 electrode thickness on areal capacitance. g) The CVs and CDs obtained from 250 nm
RuO2 MSCs at different temperatures. h) Cycling test is showing ≈95% capacitance after 10 000 continuous cycles. The inset shows that excellent selfdischarge characteristics (18.75 mV h−1) can be achieved using our RuO2 electrodes. i) CV curve obtained from two identical MSCs connected in series.

on the CV and CD curves of MSCs obtained from different gel
electrolyte, and RuO2 thicknesses are shown in Figures S8
and S10 (Supporting Information), respectively. For the
remaining works, we selected 250 nm thick RuO2 electrodes
because they offer a compromise between MSC performance
and ease of TFTR fabrication.
In practical operation, electronic circuits generate heat. Thus
the temperature dependence CV and CD (inset) curves were also
studied in the range of 30–80 °C (Figure 5g), which show a stable
electrochemical performance even at a higher temperature, signifying that our devices remain stable during high-temperature
operation. A small improvement in both CVs and CDs was
noticed with increasing temperature, which is possibly due to
improved ionic conductivity at the higher temperature. On the
other hand, nearly 95% of the initial capacitance was retained
after 10 000 continuous charge/discharge cycles (Figure 5h).
Another critical aspect of microsupercapacitors performance
for self-powered applications is the self-discharge rate of MSCs,
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which was studied by charging an MSC device to 1 V for 40 s,
and then monitoring the self-discharge process as shown in
the inset of Figure 5h. It was found that our MSCs can hold
55% of initial voltage even after 24 h, with a slow decay rate of
≈18.75 mV h−1, which is sufficient for many miniature devices
that intermittently measure and transmit signals, where they literally need the power for 10–20 s. The power output characteristics were studied using Ragone plot, as shown in Figure S11b
(Supporting Information). It can be seen that the energy density decreases with increasing power density. A maximum
energy density of 19.21 mWh cm−3 was achieved at a power
density of 2 W cm−3. In modern implantable and wearable
electronic devices, a power supply in the range of 1–100 µW
is required.[41,42] As an example, for modern pacemakers, the
required maximum power is only 1 µW.[43,44] Therefore, the
energy consumption for such devices with 1 µW power for
1 h is about 3600 µJ, which corresponds to a capacitance of
≈7.2 mF. However, micropower sources especially for sensing
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applications are mostly in standby mode, and are only active
for seconds to collect data. Thus, the power density of our
microsupercapacitors is sufficient to power such devices on an
intermittent basis. On the other hand, while a potential window
of 1 V was obtained with one MSC, it can be increased to 2 V by
connecting two MSCs in series (Figure 5i).
The on-chip storage performance of the integrated microsupercapacitor–thin film rectifier system is first demonstrated
by charging one single MSC using the AC signal from a function generator. The circuit arrangement for this study is shown
in Figure S12 (Supporting Information). Before applying any
signal to the MSC, the two electrodes were shorted to remove
any pre-stored charges (Figure 6a, region “I”). Sinusoidal AC signals with different frequencies (a constant peak-to-peak voltage
of 20 V) were applied to the input terminal of the TFTR, and
the output of the TFTR was applied directly to MSC to charge

it up to 1 V (Figure 6a, region “II”). After reaching to 1 V, the
input signal was shut down, and the stored charge in the form
of voltage was monitored for 100 s (Figure 6a, region “III”)
before shorting the two MSC electrodes again (Figure 6a, region
“IV”). It was found that the MSC charging rate is ≈34 mV s−1,
which decreases with increasing frequency of the applied input
signals (Figure 6b). On the other hand, the effect of peak-topeak voltage of the input signal on MSC charging was also
monitored as shown in Figure 6c. Different input signals were
allowed to charge the MSC through the TFTR for 40 s and then
the input signal was cut off. It was found that the charging rate
increases with increasing peak to peak voltage of the applied
input signals, as shown in Figure 6d. However, it was found
that no charging occurs with the application of the input signal
of 5 V peak to peak voltage, which is not sufficient to charge
the MSCs during the allotted time. The optical image of a real

Figure 6. Integrated microsupercapacitors–thin film rectifier unit demonstration. Different sinusoidal signals were obtained from a function generator
(to simulated harvested energy), stored, and then discharged to power actual device. a) Charging of MSC using A.C. signals carrying different frequencies. b) Variation of charging rate at different input frequencies. c) Charging of MSC using different peak to peak voltage amplitude input signals.
d) Variation of the charging rate at different RMS values of the input signals. e) Optical image of the actual integrated device, with the KAUST logo. f) Powering
off a commercial hygro-thermograph device by the chip shown in (e).
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on-chip device is shown in Figure 6e, next to the KAUST logo.
Also, we demonstrated in Figure 6f that our microsupercapacitors can power up a commercial digital hygro-thermometer.
In summary, we have demonstrated the integration of electrochemical microsupercapacitors and thin film electronics using
a single contact material (RuO2) for both devices. Our thin film
rectifiers can replace bulky packaged Si rectifiers that have been
typically used in self-powered sensor systems. This can lead
to truly on-chip energy storage at the transistor level, which
could revolutionize the self-powered sensor by making them
more compact and more compatible with standard fabrication
methods. In fact, our common electrode material concept can in
principle be realized using other electrochemically active materials such as graphene, MXene, and other oxides. The functionality of the integrated electrochemical microsupercapacitors–thin
film rectifier system was also successfully demonstrated using
triboelectric nanogenerator and AC input signals, which was
properly stored, and used to power several electronic devices.

Experimental Section
Experimental details including material deposition, device fabrication,
and characterizations can be found in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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