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A B S T R A C T

Hydrogen monitoring with reliable, fast and cheap sensors is crucial to fully exploit the potential of this gas as an
energy vector. One of the most appealing technologies for hydrogen sensing is based on MOS capacitors with
palladium gate (Pd) made of nanoparticles, which acting as a catalyst for H2 promotes its dissociation. The
generated atoms are then injected into the dielectric shifting the C(V) curve. In this work, we show that the use of
active controls of trapped charge in dielectrics can radically accelerate the response time of palladium MOS
capacitors as H2 sensors. The repeatability of the sensing is also improved, reducing significantly temporal drifts.
The control strategy is based on second order sigma-delta modulation, implementing a discrete-time sliding
mode control. Results show that the horizontal displacement of the C(V) curve of the capacitors can be cancelled
out in real time by the application of voltage waveforms generated by the controls. Consequently, when exposed
to hydrogen, a quasi-constant state operation of the capacitors is created, allowing a radical improvement of the
time response as hydrogen sensors.

1. Introduction

In recent years, the use of hydrogen for industrial use and energy
generation is rapidly increasing, becoming one of the most attractive
candidates for a future energy carrier to replace fossil fuels [1–3].
Hydrogen detection in air is crucial for safety reasons, as the flamma-
bility and the detonation limits under atmospheric pressure are at 4%,
and at 18.3%, respectively [4]. Moreover, since it is odorless, colorless
and tasteless, humans cannot perceive leaks or emissions.

Traditional hydrogen sensing can be made using gas chromato-
graphs, mass spectrometers or specific ionization gas pressure sensors
[5]. However, these instruments are large, expensive and require high
maintenance. In the last decades, there has been progress in developing
miniaturized sensors for hydrogen detection based on different mecha-
nisms: catalysis [6], electrochemistry [7], thermal conductivity [8],
chemoresistance [9], work function [10], mechanical [11], optical [12]
and acoustic [13]. In many of these different technologies, the use of
palladium is key due to the high solubility of hydrogen in this material

[14–16], being sensors based on MOS capacitors with Pd top electrodes
one of the most appealing. Pd-gate FETs have been also fabricated, and
even integrated in standard CMOS technology, although post process
steps are usually required [17].

Numerous studies have investigated the chemical processes occur-
ring within the palladium gate of MOS (Pd-MOS) devices [18,19]. The
response of Pd-MOS capacitors exposed to hydrogen is typically asso-
ciated with molecular hydrogen dissociation and formation of dipoles at
the Pd gate-oxide interface, which leads to changes in the metal work
function [20]. The presence of the dipole layer changes the flat band
potential in the capacitor, inducing a voltage shift in the
capacitance-voltage, C(V), characteristic for MOS capacitors, or a
threshold voltage displacement in the case of MOSFETs. The dissociation
of the hydrogen molecule occurs due to the catalytic nature of palla-
dium, and the generation of the dipole layer at the Pd gate-oxide
interface is generally considered a fully reversible and fast process
[20]. On the other hand, other slower mechanisms with a wide distri-
bution of time constants have been proposed behind the shifts of the C
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(V) characteristic:

a) the field dependent movement of protons in the silicon oxide layer
[20,21], as hydrogen travels in the oxide as H+, which is more stable
than neutral hydrogen atoms [22,23].

b) the formation of interfacial states at the Si-SiO2 interface, resulting in
charged dangling bonds. The steps in this process are: dissociation of
the hydrogen molecules on the Pd-surface, adsorption of the disso-
ciated atoms on the metal surface, diffusion of the atoms to the Pd-
SiO2 interface, diffusion/tunneling through the oxide layer leading
to hydrogen accumulation at the Si-SiO2 interface, and finally for-
mation of positively charged dangling bonds due to the reaction of
protons with Si-H complexes, through the following reaction [21,22,
24]:

SiH + H+ → D+ + H2 (1)

Other mechanisms capable of generating horizontal shifts of the C(V)
characteristic of MOS capacitors come from the generation of trapped
charge at the silicon-oxide interface, or in the oxide, due to the long-
term application of stress voltages. These effects have become an
important reliability issue for many years in MOS transistors, and are
known as Bias Temperature Instability (BTI), both for positive (PBTI)
and negative bias (NBTI). Under continuous DC bias stress, by positive
or negative voltages, on the gate of MOS transistors and capacitors,
charge trapping occurs in the oxide, becoming one of the main aging
mechanisms in MOS transistors [25,26]. Hydrogen plays an important
role in BTI, as shown for example in the Gate-Sided Hydrogen Release
(GSHR) model [26]. During BTI stress, H tends to migrate from the oxide
to the Si-SiO2 interface. Once the H reaches this interface, it can become
trapped to create new donor-like oxide defects [27–29], or break Si-H
bonds directly at the gate-channel interface to create Pb-centers [30].
Furthermore, this charge trapping is typically accelerated under thermal
stress.

In parallel, active control loops have been designed allowing to
control trapped charge in oxides by applying appropriate gate bias
voltages, generated by a closed feedback loop. The controls, initially
introduced in reference [31], have found successful implementation in
electrostatic microelectromechanical systems (MEMS) [32–34] and
MOS capacitors [35–37]. Additionally, it has been possible to implement
the first active compensation of trapped charge generated by ionizing
radiation [36,38,39].

The objective in this paper is to apply charge trapping control
methods to a Pd-MOS capacitors while being exposed to hydrogen. This
exposure would naturally generate horizontal displacements of the C(V)
characteristic of the MOS capacitor. The objective of the control is to
avoid these displacements by generating the required bias voltages.
Since now the C(V) will be located at a constant position, the new output
signal of the sensor will be the average bias voltage generated by the
control, i.e., the signal related to the control action. This type of active
compensation can be seen as an example of what may be called quasi-
static state operation of sensors: active controls try to freeze the state of the
sensors when exposed to the external magnitude to measure, which,
from the point of view of the control, can be considered as a disturbance.
Since the state of the sensor is almost constant, the control action is then
the new output of the system. These types of controls have been
implemented in wind sensors for Mars in three NASA missions by
implementing Constant Temperature Operation [40], in thermopiles
[41] and in gas sensors based on metal oxides [42]. By operating under
these conditions, it is possible to radically change the natural temporal
response of the sensors. Consequently, the novel approach reported
hereby paves the way to fast, cheap and reliable hydrogen sensors.

2. Control design

As it has been mentioned, adsorption of hydrogen in Pd capacitors

triggers displacements of the C(V) curve of the device. The objective of
the trapped charge control is to ‘freeze’ the C(V) curve compensating the
effects of hydrogen adsorption/desorption by adapting the average bias
voltage. This means that the control will apply voltage waveforms to the
capacitor with two objectives: compensating the hydrogen-induced
shifts by changing the actuation voltages and periodically monitoring
the shift in the C(V) curve.

The implemented control is based on 1-bit sigma-delta modulation.
The controller uses a feedback loop to control the displacement of the C
(V) curve. It does so by keeping constant the capacitance of the device,
measured at a given measurement reference voltage (Vmeas). The control
tries to enforce the condition C[Vmeas](nTS) = Cth, for all sampling times
nTS where n is a natural number and Ts is the sampling period. In order
to keep the C(V) stable we will implement a sliding mode control, using
time discretization. We use two waveforms that have opposite effects on
the horizontal movement of the curves: one displacing the C(V) curve to
the left, and the other to the right. As it is explained in the next sub-
section, the waveforms have been designed to generate the aforemen-
tioned shift (by having different average bias voltage), while at the same
time being able to periodically monitor the bias voltage so that the
capacitance is measured at a constant reference voltage (Vmeas). This can
be understood as a fast-slow process. The fast components allow
switching the bias voltage for a short time interval in order to compare
the position of the current C(V) curve with regard to a reference; while
the slow process consists of the displacement generated by the bias
voltage for most part of the duration of the waveforms.

2.1. Waveform design

One of two waveforms, referred to as BIT1 and BIT0, will be applied
to the capacitance (see Fig. 1-Left), during a certain sampling period,
nTs ≤ t ≤ (n+1)Ts, depending on the previous readings of the capaci-
tance: C[Vmeas](kTS) for k ≤ n. The specific dependence is determined by
the specific topology of the controller used (in this work first or second
order sigma-delta modulator). In the case of first order topology, and as
an example for a better understanding of how the control works, the
following logic would apply:
{
if C[Vmeas](nTS) > Cth, BIT0 is applied on the next period
if C[Vmeas](nTS) < Cth, BIT1 is applied on the next period

The logic behind this first order control is that the waveform applied
during the next clock cycle must try to counteract any shift from the
condition C[Vmeas](kTS) = Cth. There is more information on this
controller in the Appendix.

This type of control actions will generate an output binary bitstream
consisting of the sequence of BITs generated, i.e., b(n) = 1, when a BIT1
is applied during the time interval nTS ≤ t ≤ (n+1)TS; and b(n) = 0
when a BIT0 is applied during the same time interval.

The BIT0 and BIT1 signals are composed of two parts. The first part is
designed to change the average bias voltage on the device, whereas the
second part is designed to periodically monitor the position of the C(V)
by implementing a fast voltage switching to measure at the constant
reference voltage, Vmeas:

• During the first part of the waveform, the Tbias time interval, a Vlow
(in BIT1) or Vhigh (in BIT0) bias voltage is applied. The objective of
this part of the waveform is to change the average bias voltage in the
device, and therefore sustain the slow dynamics process related to
the horizontal shifts of the C(V) curve. We will see later in Section 5
that the continuous application of a low voltage tends to shift in the C
(V) to higher voltages, whereas the application of a high voltage
shifts the C(V) to more negative voltages, as can be observed in
Fig. 1-Right.

• The second part of the waveform corresponds to the time interval
where the measurement voltage Vmeas is applied, denoted as Tr, to
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monitor the capacitance value, which is measured at instant Tm. This
capacitance value is continuously used in the control feedback loop.
The total duration of the waveform is the sampling period, Ts. The
objective of the fast switching inside the waveform, during Tr, is to
monitor the value of the capacitance, measured at constant voltage,
without significantly altering the position of the C(V) curve.

The new output signal using this control will no longer be the
capacitance measured at Vmeas, as it would be in the case of using the
hydrogen sensor in open-loop. Instead, it will be the average number of
BIT1s in the bitstream, calculated with a moving window (i.e., by
averaging the last N bits):

O(n) =
1
N

∑N

k=1

b(n − k) (2)

This filtered bitstream, O(n), can be seen as the control action
determined by the feedback loop to keep constant the C(V) of the device.
The range of this new output will be between 0 % (all BIT0) and 100 %
(all BIT1). A more intuitive way to understand the new control output is
to see it as the average bias voltage applied by the control to the circuit
during N number of cycles, i.e., a moving average of the applied voltage:

VΣΔ(n) =
1
N

∑N

k=1

Vbias(n − k) (3)

Where Vbias is the bias voltage applied during the Tbias time interval at
each BIT waveform (which will be Vlow or Vhigh). In a typical application,
the filtered bitstream output is decimated by N so that consecutive
samples of the output signal are independent.

2.2. Control loop

The intuition behind the control is that the BIT0 and BIT1 waveforms
must have opposite influence on the magnitude to be controlled. At each
sampling time, the control calculates the difference between the actual
value of the magnitude to control, C[Vmeas](nTS), with the desired value,
Cth. This difference is fed into the integrator, in order to implement a
second order modulator topology.

Although it is a widely used architecture in control systems, first
order sigma-delta can present plateaus in the bitstream (see the Ap-
pendix). In our case, this effect appears when the magnitude of the

sampling time is comparable or greater than the shortest time constant
of the MOS charging and discharging processes [34,37,43]. When this
occurs, the control may provide a constant bitstream pattern at the
output, in which the system is effectively in open-loop configuration. In
order to avoid the problems of first order modulators, a second order
sigma-delta modulator has been implemented (see Fig. 2). This modu-
lator includes an additional integrator before the sign detector [37,42].

3. Pd-MOS capacitor fabrication process

The fabrication process for the capacitors starts with an RCA cleaning
process of a 4” p-type c-Si wafer, with a resistivity of 3Ωcm. Subse-
quently, a thermal oxidation is carried out at 1000◦C for 60 minutes in
O2, resulting in a measured thickness of 48 nm as determined by
ellipsometry. The silicon oxide at the rear side is etched with NH4/HF for
1:30 minutes, protecting the front side with photoresist as a prior safe-
guard. After removing the photoresist, the wafer is placed in a magne-
tron sputtering to deposit Titanium and Platinum creating the bottom
contact, resulting in a combined thickness of 430 nm. At the end of the
process the capacitors were cut into squares of 6 mm× 6 mm.

Fig. 1. (Left) Sigma-delta bias voltage waveforms. During the first-time interval, Tbias, Vlow and Vhigh are applied to generate sustained displacements of the C(V)
curve. During the second interval, Tr, voltage is kept constant at Vmeas and the capacitance of the Pd-MOS is measured (at instant Tm). (Right) Example of the C(V)
displacement when BIT1s and BIT0s are applied for a long time (Vmeas = 0 V, Tr = 75 ms, Ts = 150 ms, T = 90◦C. Vhigh = 0 V, Vlow = − 8 V, flow of synthetic air =
300 mL/min). By looking at the C(V) curves of the right it is possible to see that, at a fixed voltage (for example Vmeas = 0 V) the measured capacitance increases with
BIT1 while it decreases with BIT0.

Fig. 2. Second order sigma-delta control block diagram. The feedback loop is
such that: b(n) = sgn(In), where In = In− 1 + e[Vm](n), with e[Vm](n) =

C[Vmeas](nTS) − Cth.
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The top electrode of the capacitance is made of Pd nanoparticles (see
Fig. 3), nanopowder with particle size < 25 nm from Sigma-Aldrich
CAS: 7440–05–3. The objective of using this type of nanoparticles is to
ensure a uniform deposition and optimal material characteristics.
Initially, 10 mg of Pd-nanoparticles were weighed in an analytical
weighing scale and transferred to an agate mortar. Subsequently, be-
tween 10 and 20 µl of 1,2-propanediol were added to achieve a homo-
geneously viscous mixture through meticulous manual stirring. The
mixture viscosity is a key parameter to ensure the consistent material
delivery during the drop-coating step. Then, 2 µl aliquots of the resultant
mixture were carefully pipetted and deposited onto the silicon oxide
substrate. This deposition step was repeated 2–4 times, depending on the
desired thickness and uniformity of the nanolayer, ensuring consistent
coverage across the substrate, but preventing the droplets from reaching
the edges. Following the deposition, the samples were dried in an oven
at 70 ◦C overnight to remove any residual solvent gently.

Fig. 4 shows a photograph of one of the devices, and Fig. 5 shows the
Pd nanoparticles FE-SEM microphotographs.

The chemical composition of the samples, the layer morphology and
the crystallinity were studied. The microscopes used were a field emis-
sion scanning electron microscope (FE-SEM), a Scios 2 from Thermo
Fisher Scientific was used to obtain the scanning electron images. The
high-resolution images were acquired using the in-column detectors
applying a 5 kV accelerating voltage. For the EDX analysis a Thermo
Fisher EDX detector with 100 mm2 size was operated. The EDX data
were obtained using PathFinder software. A high-resolution trans-
mission electron microscope (HR-TEM), a JEOL F200 TEM ColdFEG
operated at 200 kV was used for the transmission electron microscopy
characterization. TEM images were acquired with a Gatan OneView
camera, a CMOS-based and optical fibre-coupled detector of
4096 × 4096 pixels. Gatan Digital Micrograph program was used to
process the TEM images. STEM images (1024 × 1024 pixels) were
recorded from the JEOL bright-field (BF) and high-angle annular dark-
field (HAADF) detectors using the Gatan DigiScan3 scanning unit with
a camera length of 250 mm. Samples were inserted in a JEOL beryllium
double-tilt holder for energy dispersive x-ray spectroscopy (EDS). STEM-
EDS mapping was recorded from an EDS Centurio detector (silicon drift)
with an effective area of 100 mm2 and 133 eV of energy resolution.
STEM-EDS maps (512 × 512 pixels) were processed with the JEOL
Analysis software.

In Fig. 5 the FE-SEM imaging of the surface is shown together with a
close look into its morphology. The mild thermal treatment does not
fully remove the remnants from the organic solvent, and therefore
spherical carbon particles are present in the surface. The nanoparticles
have clustered into a compact yet porous palladium layer. The porosity
is attributed to the evaporation of the organic solvent all along the layer
during the mild temperature treatment. Furthermore, there are no signs
of nanoparticle sintering either suggesting that the particles are aggre-
gated but not amalgamated.

HR-TEM analysis revealed the presence of aggregated nanoparticle
clusters. The presence of spherical carbon particles resulting from the
non-complete removal of the solvent used to synthesize the layer can be
observed. Despite the presence of carbon, the Pd nanoparticles have kept

their structure, and they form agglomerates. In Fig. 6 the HR-TEM im-
ages from the Pd nanoparticles are shown and, the interplanar distance
has been measured to a value of 0.275 nm. According to the literature
[44,45], the actual spacing of the Pd atoms on the (111) surface is
0.275 nm vs the Pd-Pd nearest distance in PdO being 0.305 nm, thus
confirming that the material present in the sample is metallic palladium.

An elemental mapping of both layers was carried out. In the energy-
dispersive X-ray spectroscopy (EDS) map, the palladium (Pd) is indi-
cated by the blue color and the oxygen (O) is indicated by the red color,
see Fig. 7. The presence of oxygen in the sample, despite it may suggest
the presence of a palladium oxide component, is mainly attributed to
adsorbed oxygen at the nanoparticle surface, as the HR-TEM results
indicate the presence of metallic Pd.

4. Experimental setup

In order to be able to measure the capacitor capacitance, a me-
chanical device has been manufactured which allows to change the
sample in a simple way and without damaging the palladium gate. The
schematic of this mechanical system, and detailed pictures, can be seen
in Fig. 8.

Fig. 9 gives a schematic representation of the experimental setup
used. The MOS capacitor is placed inside a 4 mL dead volume gas
chamber, connected to two bottles: one of pure synthetic air and another
one with 1000 ppm of hydrogen in pure synthetic air. The chamber, and
consequently the Pd-MOS devices, is placed inside an oven, to be able to
measure at different temperatures. The hydrogen concentration is
modified using mass flow meters (MFC), which have been programmed
to controlled concentrations, while keeping a constant flow in the sys-
tem. The hydrogen bottle used contains 0.1 % (1000 ppm) hydrogen
and 20.88 % oxygen. The remainder is nitrogen. The pure synthetic air
bottle contains 21 % oxygen and 79 % nitrogen ( ± 0.1 %) and purity of
P > 99.999 %. The two bottles are supplied by Nippon Gases.

A precision LCR meter Keysight E4980A is used to generate the
control voltage waveforms applied to the capacitor, and to measure the
device capacitance. The typical deviation of the measurement, in the 0.5
nF – 1.5 nF range is below 6 fF. The measured data is then transmitted to
a computer for analysis and processing. The determination of the
waveform to be generated in the next cycle is carried out by real-time
software running on a PC.

The I-V characteristic of one of the devices fabricated can be seen in
Fig. 10

5. Experimental results

To understand the devices and how to optimize the voltage at which
the capacitance must be measured, it is necessary to monitor the C(V)
curves. To do this, an AC signal of 200 kHz and Vpp = 2 V has been
generated with the LCR meter. The measuring frequency has been
selected in order to have a good signal-to-noise ratio (for example
avoiding very high frequencies, where interferences and cabling can

Fig. 3. Cross section of the hydrogen-sensitive Pd-MOS capacitors.

Fig. 4. Hydrogen-sensitive Pd-MOS capacitor fabricated.
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easily become critical), while keeping a high frequency in order not to
have long measurement times, which would limit the maximum sam-
pling frequency used in the control loop. As an example, Fig. 11 shows
how the C(V) curves of one device are displaced after exposure to
100 ppm of hydrogen for 6 minutes, for 2 kHz and 20 kHz. As can be
observed, the sensitivity to hydrogen in both cases is similar. This co-
incides with results in the literature, [21] indicating that the use of low
frequencies may increase sensitivity at high concentrations, but not in
the case of low concentrations (< 1500 ppm).

The optimal voltage to measure the capacitance (Vmeas) is the one
where the difference in capacitance is maximum when the C(V) is
shifted along the voltage axis under the presence of hydrogen. This
optimal Vmeas will coincide with the point of maximum slope of the
curve.

Furthermore, in order to have an effective control of the capacitance,
the C(V) curves of the Pd-MOS device must be sensitive to both
hydrogen concentration and bias voltage changes within the same
magnitude range. To demonstrate this point, a series of experiments
have been carried out with one of the fabricated Pd-MOS devices. In
Fig. 12, we show the time evolution of the capacitance measured at
constant voltage (Vmeas) of the Pd-MOS structure when different bias
voltages are applied to the gate (i.e. the voltage applied during the Tbias
interval is swept during the experiment), and the capacitance is peri-
odically measured at constant bias Vmeas= 0 V. As can be seen, for
increasingly positive bias voltages, the capacitance becomes smaller
(indicating a shift of the C(V) curve to lower voltages), and for
increasingly negative voltages the capacitance becomes larger (indi-
cating a shift of the C(V) curve to higher voltages).

The voltage pair, Vhigh and Vlow, chosen depends on two factors. The

greater the difference between the high and low voltages, the wider the
range of hydrogen concentrations the sensor can cover, but this will also
reduce its sensitivity. Another factor to consider is the operating region
where capacitance control is desired. This is important because con-
trolling the C(V) in different regions gives rise to different behaviors. In
our devices, as we have chosen the voltage where the C(V) slope is
maximum, we maintain the Pd-MOS under depletion/weak inversion
conditions.

As can be seen in Fig. 12, the ability of changing the capacitance by
applying a bias voltage to the gate is confirmed. Fig. 13 illustrates the
response of one of the fabricated devices when H2 are applied. As
illustrated, the C(V) curves exhibit a shift to the left upon the intro-
duction of hydrogen and a corresponding rightward shift upon its
removal. The experiment consists of exposing the device to 100 ppm of
H2 for 5 minutes (Fig. 13, top-left), after which the hydrogen is removed
and pure synthetic air is injected, for 5 minutes more (Fig. 13, top-right).
Fig. 13 bottom, shows the time progression of the capacitance measured
at Vmeas.

Combining both experiments, it can be concluded that the presence
of hydrogen, or the application of Vhigh polarization voltages (BIT0),
induces a shift to lower voltages of the C(V) curve resulting in lower
capacitance values at Vmeas; whereas removing hydrogen, or applying
Vlow polarization voltages (BIT1), results in a rightward shift (see
Fig. 14). This behavior may enable the control of the capacitance by a
closed-loop.

After this characterization, an experiment has been carried out
consisting of a 30-minute pulse train where the hydrogen concentration
has been gradually increased from 50 ppm to 500 ppm. To verify the
stability of the sensor, the experiment has been repeated four times

Fig. 5. FE-SEM micrographs surface for Pd-nanolayers (left panel) and a closer look into the surface (right panel).

Fig. 6. HR-TEM images. Detail of the Pd nanoparticles with some larger carbon spherical nanoparticles can be seen (left), close-up to the interplanar distance and the
nanoparticles crystallinity (right).
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consecutively. Between each hydrogen concentration peak, the sensor
was allowed to stabilize in pure synthetic air to analyze both the
response time and behavior in hydrogen absorption and desorption. As
in previous cases, the experiment was conducted in both open-loop and
closed-loop control modes. For the open-loop measurement, a fixed
percentage of the bitstream is applied (in this case 10 %), to avoid
continuous application of the same bias voltage, which tends to increase

bias-induced drifts. The results can be seen in Fig. 15.
The use of the closed-loop control clearly improves the sensor per-

formance. In particular, one of the main advantages is the repeatability
of the measurements. In other words, the different H2 concentrations
lead to very similar output values in all four repetitions (Fig. 15 bottom)
while the open-loop case (Fig. 15 top) shows a drift that hinders the H2
concentration measurement directly from the capacitance value. This
improvement is based on the fast and systematic sensor recovery in H2
desorption process, i.e. after stop being exposed to hydrogen the sensor
output comes to the initial value, whereas in the open-loop case this does
not happen, generating drift. Additionally, and focusing on the H2

Fig. 7. Nanoparticles and chemical mapping (energy-dispersive X-ray spectroscopy (EDS) map). Elemental mapping colors correspond to palladium in blue and
oxygen in red.

Fig. 8. (Left) Schematic of the mechanism fabricated for contacting the MOS
capacitors. (Right) Detail of the mechanism, in the up-position (top), and down-
position (bottom).

Fig. 9. Description of the experimental setup.
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adsorption, although the response times are similar, the sensitivity of the
controlled sensor is much higher. This can be seen in the relative dif-
ferences of the final sensor response values to the different H2 concen-
trations: under closed-loop control, the relative differences in response
between different concentrations are higher than under open-loop
operation.

One of the main limitations of the controlled measurement is that the
detection range is limited. This means that the control output can reach
saturation if the applied hydrogen concentration is able to shift the C(V)
more than the constant application of BIT1 or BIT0 can. When this
happens, controllability is lost. This situation is illustrated in Fig. 16.
The experiment described is a continuation of the one presented in
Fig. 15, but with an extension of the concentration range up to
1000 ppm. As can be seen, when this H2 concentration is applied, the
output saturates to 100 %. At this point, the capacitance is no longer
controlled around the threshold value and its behavior changes to an
open loop operation. This is evident from the average measured
capacitance represented in black in Fig. 16, Bottom. However, more
importantly, the control can recover from this situation and it works
correctly again when concentrations within its sensing range are reap-
plied. In addition to recovering, the response time of the saturation
output is still much faster with the closed-loop control than when in
open-loop.

Another important factor to take into account for the controlled
sensors is the choice of the threshold capacitance, Cth. In all previous
measurements, the device was initially stabilized with synthetic air and
a bitstream sequence of 10 % was programmed. As a result, the
threshold capacitance is the one measured under these circumstances
with Vmeas = 0 V. In this way, when applying hydrogen pulses, almost
the entire dynamic range is available to observe the sensor response. In
Fig. 17, we explore the effect of changing the threshold capacitance
while keeping the same H2 concentration (100 ppm). As can be
observed, the sensitivity of the sensor significantly changes being higher
for higher threshold capacitance. It must be mentioned that abrupt step
down or small exponential decays observed in Fig. 17 correspond to the
control response to the threshold capacitance change in real time during
the experiment.

As has been mentioned before, the selection of the control parame-
ters must take into account the desired sensing range for the application.
It must be pointed out that the control works well; avoiding saturation,
in the low concentration regime, indicating that this type of controls
may help in the detection of gas leaks.

6. Discussion and analysis

As it has been described in the previous sections, a shift in the C(V)
curves can be induced by applying a low (BIT1) or high (BIT0) voltage to

Fig. 10. I-V characteristic of one of the fabricated devices.

Fig. 11. C(V) characteristics of a device measured in synthetic air, and after
6 minutes of exposure to 100 ppm of hydrogen, measured at two different
frequencies (2 kHz, and 200 kHz).

Fig. 12. Capacitance behavior due to different bias voltage. Measurement done under a constant pure synthetic air flow of 300 mL/min. (Vmeas = 0 V, Tr = 75 ms, Ts
= 150 ms, T = 90◦C. The bias voltage applied at each waveform is swept during the experiment, and it is indicated by the blue curve).
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the gate of the Pd-MOS capacitors. For example, the continuous appli-
cation of a low bias voltage, Vlow, increases the capacitance value of the
sample at Vmeas, i.e. it shifts the C(V) curve to positive voltages; while the
continuous application of Vhigh results in the opposite shift. Interest-
ingly, this particular behavior can enlighten the possible physical
mechanism behind it.

For a P-type substrate, like the ones used in this work, Vhigh leads to
the attraction of electrons to the SiO2/c-Si surface due to the induction of
an electric field in the semiconductor. If part of these electrons gets
trapped at the SiO2/c-Si interface (for example by filling interface states
or getting trapped in the first monolayers of the SiO2) an additional
negative charge in the oxide is created shielding the effect of the voltage
at the gate. The resulting effect is an increase in the flat-band voltage,
because now higher voltages are needed to induce the same electric

Fig. 13. Behavior due to different hydrogen concentrations. Top-left: C(V) evolution when the sensor is exposed to 100 ppm of hydrogen. Top-right: C(V) evolution after
hydrogen removal. Bottom: capacitance evolution throughout the experiment. For the BIT waveforms used, the parameters are: Vmeas = -0.3 V, Tr = 75 ms, Ts = 150 ms,
T = 90◦C. The bias voltage applied at each waveform is constant = 0 V. Total flow during the measurement = 300 mL/min.

Fig. 14. C(V) curves of Pd-MOS device when the capacitor is subjected to
different conditions. The blue curves result from exposing the device to
100 ppm of hydrogen (discontinuous line) and pure synthetic air (continuous
line). The Bitstream percentage for these curves has been kept constant at 50 %
(constant alternation of BIT0 and BIT1). The black curves result from contin-
uously applying BIT1, i.e., Bitstream= 100 % (discontinuous line), and BIT0, i.
e., Bitstream= 0 % (continuous line). The C(V) curves of hydrogen changes are
within the limits marked by the control saturation represented by the black
lines, indicating that a measurement under closed-loop without saturations is
possible. For the BIT waveforms used, the parameters are: Vmeas = 0 V, Tr
= 75 ms, Ts = 150 ms, T = 90◦C. Vhigh = 0 V, Vlow = -8 V. Total flow during the
measurement = 300 mL/min.

Fig. 15. Comparison between open-loop, with a constant bitstream with 10 %
BIT1s (top), and closed-loop (bottom) measurements. Experiment consisting on
a 30-minute pulse train where the hydrogen concentration has been gradually
increased from 50 ppm to 500 ppm. For the BIT waveforms, the parameters are:
Vmeas = 0 V, Tr = 75 ms, Ts = 150 ms, T = 90◦C. Vhigh = 0 V, Vlow = -8 V. Total
flow during the measurement = 300 mL/min.
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field, i.e. band bending, at the c-Si. Consequently, a C(V) curve
measured after applying Vhigh for a certain time would shift the C(V) to
higher voltages. Alternatively, if we apply a low voltage (Vlow) the holes
are the ones attracted to the surface leading to positive charge trapped in
the SiO2/c-Si interface and, thus, a negative shift in the C(V) curve is
expected.

Notice that the experimental behavior of our devices described above
is the other way round. This means that the dominant mechanism

behind the capacitance control cannot be related to changes in the
charge trapped at the SiO2/c-Si interface and, thus, the only possibility is
linked to changes at the Pd/SiO2 interface.

In the literature [20], the shift of C(V) curves of Pd-MOS capacitors
under the presence of H2 has been mainly justified by the appearance of
dipoles close to the Pd/SiO2 surface. The idea is that H+ ions reach that
interface by diffusing through the Pd and they penetrate into the SiO2.
However, the diffusion of H+ into the SiO2 is drastically slowed down by
the formation of the dipole together with the image charge that appears
at the Pd surface. As a consequence, the H+ ions will be in the first
monolayers of the SiO2 statistically distributed and they are the
responsible for the slow drift of the capacitance under the presence of
significant H2 content [20].

From the point of view of the bias voltages, the application of Vhigh
(BIT0) at the gate results in the drift of more H+ into the SiO2 and the
repealing to deeper SiO2 monolayers of those already there. As a
consequence, a higher positive charge at the SiO2 (or an apparent
reduction of the metal workfunction due to the dipole presence) is ob-
tained leading to a C(V) curve drifted to negative values, i.e. lower
capacitance values will be measured. On the other hand, when Vlow
(BIT1) is applied H+ ions are attracted to the Pd surface and they can
even be desorbed through the Pd. As a result, the C(V) curve is shifted to
positive voltages and the measured capacitance increases.

This may also explain the change in the time response of the sensors.
When the capacitance is exposed to H2, the introduction and release of
H+ close to the Pd/SiO2 interface would naturally tend to increase the
concentration of H+ in the first monolayers of the SiO2, with the asso-
ciated slow drift in the C(V) curve, once the protons start drifting inside
the oxide. The control, with its objective of maintaining a constant
capacitance, increases the average number of BIT1 waveforms, thus
lowering the average bias voltage in the gate. The application of a lower
bias voltage tends to counteract the drift into the oxide of the protons, by
keeping them near or at the Pd/SiO2 interface, or even removing them
towards the Pd electrode. This means that the control tends to keep
constant the state of the sensor (the concentration of protons inside the
oxide), and therefore compensates the external disturbance created by
exposing the capacitance to H2.

Furthermore, this may also help to explain the full recovery of the
sensors to their initial states when the ambient H2 is removed compared
to the open-loop case. Under uncontrolled constant bias voltage, the
concentration of protons inside the oxide would change as a result of
exposing the capacitance to different H2 concentrations. This process
would slowly drift the C(V) of the device to negative voltages. However,
if the capacitance is being controlled, the control limits the introduction
of protons inside the oxide to shallower SiO2 layers by applying a more
negative average bias voltage. As a consequence, when the exposure to
H2 ceases, no significant internal drift of the protons towards the gate
needs to happen. The absence of this proton drift means that control
action (the output signal) enables a much faster transition than in the
open-loop (constant bias voltage) situation.

Finally, the capability of controlling the capacitance, even in the
absence of H2, could be related to the PBTI and NBTI effect in MOSFET
transistors where the hydrogen is transported through the SiO2
depending on the applied gate voltage [25,26]. As it is mentioned in the
literature, this transport is highly dependent on the device temperature,
as we have already seen in our sensors, which significantly reduce their
sensitivity when measured at room temperature.

7. Conclusions

Our experimental findings demonstrate the efficacy of employing
sliding mode control to enhance the performance of Pd-MOS capacitors
for hydrogen sensing. The use of a trapped charge control consistently
exhibits faster response times (with recovery times reduced by at least a
factor 10) and better stability and reproducibility compared to con-
ventional methods. The implementation of second order sigma-delta

Fig. 16. Same experiment as in Fig. 15, but increasing the hydrogen concen-
tration up to 1000 ppm. In the top figure, the open-loop response. In the
middle, the control output bitstream is shown. In the bottom graph, the
capacitance measurement at the instant Tm of each BIT pulse (in blue) and its
mean (in black) are shown. Open-loop measurement has been performed at a
constant bit stream of 50 %. For the BIT waveforms, the parameters are: Vmeas
= 0 V, Tr = 75 ms, Ts = 150 ms, T = 90◦C. Vhigh = 0 V, Vlow = -8 V. Total flow
during the measurement = 300 mL/min.

Fig. 17. Experiment performed to observe the response of the sensor when
subjected to 100 ppm hydrogen pulses, while simultaneously adjusting the
threshold capacitance of the control (blue line). For the BIT waveforms, the
parameters are: Vmeas = 0 V, Tr = 75 ms, Ts = 150 ms, T = 90◦C. Vhigh = 0 V,
Vlow = -8 V. Total flow during the measurement = 300 mL/min.
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modulation further improves control system stability, addressing limi-
tations observed in first order modulation. These results highlight the
potential of Pd-MOS capacitors as reliable and cost-effective hydrogen
sensors, with implications for enhancing safety in industries utilizing
hydrogen. Future work will focus on modeling the charge dynamics
inside the oxide, when under control; and to the study of the application
of these techniques to FETs.
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Appendix

A.1 First order vs second order sigma-delta experimental comparison

Closed-loop measurements were carried out using the first order sigma-delta modulator (see Figure A-1).

Figure A-1. First order sigma-delta control block diagram.

Figure A-2.A shows the measured capacitance (with and without window averaging) and the bitstream percentage (Figure A-2.C) as a function of
time for an hydrogen pulse of 100 ppm for a first order sigma delta control. In the figure can be seen that this type of control is not able to keep the
average capacitance constant at the chosen threshold capacitance (Cth), being slightly below when no hydrogen is applied and slightly above when the
hydrogen pulse is applied. Moreover, in the bitstream percentage zoomed it can be seen that a plateau appears at 50 % (red circle in Figure A-3, left).
This type of plateaus has been mentioned earlier and are a known first order sigma-delta modulator problem [33,41]. During the time intervals in
which this occurs, which can last for several minutes, the output of the control is constant, a plateau, and thus the system is effectively in an open-loop
configuration.

To improve the control performance, the device will be controlled using a second order sigma-delta modulator. With this control configuration, the
average capacitance (Figure A-1.B) is almost constant around the threshold value and the Bitstream curve (Figure A-2.D and Figure A-3, right) does not
show any plateaus. For this reason, all measurements in the experimental part have been carried out using a second order sigma-delta controller.
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Figure A-2. Output comparison between first and second order sigma-delta control. A) Time evolution of the capacitance of the device, measured at Vmeas, when
controlled by a first order sigma-delta modulator. B) idem when controlled by a second order modulator. In both cases, the blue curve is the capacitance output, in
black the same curve window-average by N = 50 samples. C) Filtered bitstream output of experiment in A). D) Filtered bitstream output of experiment in B). These
measurements were performed at a constant flow rate of 80 mL/min. Closed-loop parameters: Vlow= -6 V, Vhigh= -4 V, Ts= 0.15 s, T = 90◦C.

Figure A-3. Zoom in on the rise from 0 to 100 ppm in the experiment shown in Figure A.2, using a first-order sigma delta control (left) and a second-order sigma
delta control (right). The red circle shows how the 50 % step slows down the response of the sensor. These measurements were performed at a constant flow rate of
80 mL/min. Closed-loop parameters: Vlow= -6 V, Vhigh= -4 V, Ts= 0.15 s, T = 90◦C.

Data availability

Data will be made available on request.
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[31] David L.ópez Manuel Domínguez, Joan Pons-Nin David Molinero, "Dielectric
charging control for electrostatic MEMS switches,", 5 May, Proc. SPIE 7679, Micro-
Nanotechnol. Sens., Syst., Appl. II 76792J (2010), 5 May.

[32] E. Blokhina, et al., Dielectric Charge Control in Electrostatic MEMS Positioners/
Varactors, J. Micro Syst. 21 (3) (June 2012) 559–573.

[33] S. Gorreta, J. Pons-Nin, E. Blokhina, O. Feely, M. Domínguez-Pumar, Delta-Sigma
Control of Dielectric Charge for Contactless Capacitive MEMS, J. Micro Syst. 23 (4)
(Aug. 2014) 829–841.

[34] S. Gorreta, J. Pons-Nin, E. Blokhina, M. Dominguez, A Second-Order Delta-Sigma
Control of Dielectric Charge for Contactless Capacitive MEMS, J. Micro Syst. 24 (2)
(April 2015) 259–261.

[35] M. Domínguez-Pumar, C.R. Bheesayagari, S. Gorreta, G. López-Rodríguez,
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