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Abstract: This work presents the performance projection of a metal-insulator-graphene
diode as the building block of a radiofrequency power detector, highlighting its rectifying
figures of merit. The analysis was performed by means of a computer-aided design tool
validated with experimental measurements of fabricated devices. Transient simulations
were used to accurately determine the detector output voltage, while particular consid-
eration was given to suitable convergence of the non-linear circuit response. The diode
was analyzed in both ideal and non-ideal cases, with the latter accounting for its parasitic
effects. In the non-ideal case, the diode exhibited a tangential responsivity of 26.9 V/W at
2.45 GHz and 31.9 V/W at 1.225 GHz. However, when parasitic elements were neglected
in the ideal case, the responsivity significantly increased to 47.3 V/W at 2.45 GHz and
38.7 V/W at 1.225 GHz. Additionally, the diode demonstrated a non-linearity of 6.64 at
0.7 V and an asymmetry of 806.6 in a bias window of 1 V, which resulted in a competitive
value compared to other state-of-the-art rectifying technologies. Tangential responsivities
(Bv) of graphene diodes at less-studied frequencies in the gigahertz band are presented,
showing a high B, value of 63.7 V/W at 1 GHz.

Keywords: graphene; diode; radiofrequency; power detection; MIG

1. Introduction

Graphene is a two-dimensional (2D) gapless material with outstanding transport
properties, such as a high-carrier mobility and low surface resistance [1]. Graphene-based
devices are suitable for high-frequency electronics applications with relaxed dimensions,
such as amplifiers, power detectors, frequency multipliers, mixers, and phase shifters,
among other circuits [1-3].

Metal-Insulator-Graphene (MIG) diodes are characterized by a bias-induced barrier
height modulation at the graphene-metal interface, which dominates their performance [4].
Compared to conventional Metal-Insulator-Metal (MIM) diodes, the current-voltage (I-V)
curve of MIG diodes presents enhanced zero-bias nonlinearity and responsivity, mainly
due to the physical phenomena at the graphene-insulator interface [4].

An additional advantage of MIG diodes over their conventional counterparts is their
versatility for fabrication on various substrates, including kapton [5], silicon, polyamide [6],
and quartz [7]. This flexibility, combined with their high-current-driven capability [5] and
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low junction capacitance [6], makes them attractive for high-frequency applications, such
as radiofrequency (RF) power detection.

RF power detectors are essential blocks for collecting and measuring the electro-
magnetic energy of RF signals in applications such as RF identification (RFID), wireless
communication, and energy harvesting [8]. To achieve optimal performance in these ap-
plications, power detectors are characterized by performance metrics such as operating
frequency, dynamic range, sensitivity, tangential responsivity, and DC power consump-
tion [9]. Precise power detectors have been demonstrated for both the square-law operation
at low input power levels and the lineal regime at high powers [10]. Rectifying diodes
have been widely employed to implement power detectors, showing, for example, a linear
relationship between input power (P;,) and output voltage (Vout) at frequencies of 500 MHz
up to a power level of —10 dBm [11], and a quadratic Pin—Vout response at power levels
from 0 to 20 dBm for operating frequencies from 5 GHz to 6 GHz [12]. Regarding MIG
diodes, dynamic ranges as high as 50 dB and tangential responsivities ranging from tens
to a few hundreds of V/W have been reported around 2.4 GHz, whereas at 60 GHz, the
rectifying capability decreases to 15 V/W [13,14]. Additionally, under DC conditions,
voltage responsivities ranging from 10 V! up to a record 71 V~! have been achieved [15].

In this work, performance projections of RF power detectors using MIG diodes based
on a computer-aided design (CAD) tool calibrated with experimental measurements from
fabricated devices are presented. The study is organized as follows: Section 2 presents
the device and compact model calibration under static and dynamic conditions. Section 3
includes performance projection studies based on the model under different RF signals
in a power detector. A discussion is included for each set of results. Section 4 draws the
conclusions of this work.

2. MIG Device and Modeling

A physics-based model was calibrated with experimental data describing the static
and dynamic performance of a MIG diode reported elsewhere [13]. The cross-section of the
MIG diode used as a reference here and first reported in [4] is presented in Figure 1a. The
fabrication process has been reported in detail in [4] and can be summarized as follows:
The device consists of a Ti/ Al alloy embedded metal electrode working as the anode, a TiO,
dielectric grown by atomic layer deposition (ALD) with a thickness (fox) of 6 nm separating
the top graphene layer from the anode and substrate, yielding an oxide capacitance per unit
area Cox = €ox€0/tox, considering eox = 9. A Ni cathode (20 nm tick) is located at one end
of the graphene layer. The graphene layer length (L) is 2 pm and its width (W) is 80 um. The
fabrication process was conducted using optical contact lithography on a high-resistivity Si
substrate (=5 kQ)cm) with a 1 pm thermal SiO, layer. The embedded metal layers forming
the anode (180 nm Al, 20 nm Ti) were deposited (by e-beam evaporation followed by lift-off)
in 200nm deep trenches etched into the SiO; layer (via reactive ion etching). The dielectric
was then deposited with an oxygen plasma process and the required rails for contacting the
anode were opened through the TiO; layer with Ar plasma and sealed with 20 nm Ni. The
graphene layer grown by chemical vapor deposition on copper foil was transferred to the
device structured using a PMMA support layer. Oxygen plasma was used for graphene
patterning, and the cathode (20 nm Ni, 100 nm Al) was fabricated by sputtering deposition
and lift-off. After the graphene had been transferred onto the substrate, a characterization
was performed using Raman spectroscopy, which confirmed that the transferred material
consisted of single-layer graphene. Additionally, the carrier mobility was estimated to be
in the range of 2000-3000 cm? / Vs using a four-probe measurement setup [4].
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Figure 1. (a) Device cross-section of the MIG diode under study and (b) current density versus

10

applied voltage in a semilogarithmic scale. Markers are experimental data [13] and lines represent
the modeling results. Inset shows the same plot in a linear scale.

The DC characteristics of the device were obtained by applying a voltage between
—1Vand 1V (cf. Figure 1b), whereas the RF power detection was characterized by using
an RF power source at a selected operation frequency (f) under zero-bias conditions [13].

The large-signal compact model describing the thermionic transport within the MIG
diode is based on the Dirac-Schottky model and includes image force lowering effects at the
potential barrier. For the electrostatics, it considers the charge conservation principle and
includes quantum capacitance and interface effects. Further technical details and specific
model formulation are discussed in [16]. The resulting current density—voltage curve at a
temperature of 295 K, showing the transition from reverse bias to forward bias, is presented
in Figure 1b. A good agreement was achieved between the model and experimental results
for both negative and positive biases.

The large-signal equivalent circuit of the MIG diode, including the extrinsic ele-
ments representing the parasitics due to metallic pads and dielectric surroundings, is
presented in Figure 2 [16]. The dynamic phenomena of the internal graphene charge are
described by the bias-dependent Cj;. On the other hand, the transport is governed by
the effects of the barrier formed at the graphene—insulator interface, modeled through
a two-dimensional (2D) modified Dirac-Schottky equation [17], represented as the den-
sity current source Jy, (current/device area). The extrinsic elements were extracted by
applying a de-embedding procedure [18]. Cpa/p. represent the anode/cathode parasitic
capacitance, both due to the substrate. Cy,g, is the parasitic diode fringe/pad capacitance,
and R, /. and L, are the parasitic resistances and inductances associated with the anode
and cathode pads, respectively [16].

The phenomena occurring at the interface between the graphene layer and the cathode
contact are represented by the contact resistance Reontact. Nickel-graphene interfaces have
been reported as Ohmic-like, with low values of contact resistances [19] (as expected
for cathodes), and were used for the development of the selected technology, as well as
other MIG-diode applications [13-15,20]. The value of 150 ) for this device was achieved
by considering Rcontact as a fitting parameter [16]. The corresponding contact resistivity
of 12k() x um of the graphene-Ni contact was larger than the one reported for these
interfaces obtained with methods based on test structures [21]. This difference might be
explained by a different fabrication process, yielding both a higher value of residual charge
in the graphene used in the diode and a different contact geometry (top contact in [21],
semi-embedded contact here).
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Figure 2. Large-signal equivalent circuit of the MIG diode [16]. Intrinsic elements are within the
dashed box. The extrinsic (outside the dashed box) component values are Cp =01 fF, C; = 7.3 1F,
Cpa = Cpe =5.5fF, La = Lc = 13pH, Ry = Rc = 4.7, and Reontact = 150 Q2.

An analysis of the simulated S-parameters (scattering parameters) of the diode includ-
ing extrinsic elements (cf. Figure 2) was conducted over a frequency range of 100 MHz
to 4 GHz. Figure 3a shows the magnitude of the reflection S-parameters S11 and Sy for
bias voltages of —0.5V, 0V, and 0.5 V. As depicted, |S11| exhibited an identical response for
the three different applied voltages; the impedance matching was poor, and thus most of
the energy incident on the diode was reflected. The transmission parameters in Figure 3b
consequently indicated a low transmission across the entire frequency range. In addition,
reciprocal network conditions were found, i.e., S1» = S»1. Due to the reactance of the diode,
the phase change of the S1, and Sy; parameters was <120° in the frequency range under
study, while the phase change of S1; and Sy, was <90°. Further device engineering would
be required to obtain specific phase shifts by adjusting the reactive elements in the diode
(cf. Figure 2).
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Figure 3. Scattering parameters. Magnitude in dB: (a) S1; and Sy, (b) S1» and Sy1, (c) Phase of the
scattering parameters.

3. Model-Based Performance Projection of MIG Rectifiers
3.1. Rectifying Metrics from DC Characteristics

To evaluate the performance characteristics of the MIG diode, three key figures of
merit (FoMs) were considered: the DC responsivity frgs, the nonlinearity fyi, and the
asymmetry factor fasym. As for fres, it was defined as the ratio of the second derivative
of the current with respect to the differential conductance, as shown in Equation (1). This
FoM provided a first approximation of the output current increase with respect to the input
power under square-law operation [22].

1 d21 (dI\ !
frES = 5 dV2<dV> 1)
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Moving on to fnr, this accounted for the diode nonlinearity and is expressed as
the ratio of the differential conductance with respect to the conductance, as described in
Equation (2),

ar ( 1\
= — — 2
N (V) ()
which represents the nonlinear response of the current with respect to the applied voltage.

Lastly, fasym is defined as the absolute ratio of forward I to reverse Ir current, as shown
in Equation (3), reflecting the balance between the positive and negative bias conditions.

I
fasym = ‘IF‘ (3)
R

The resulting values of these FoMs as a function of bias are presented in Figure 4 for
the MIG diode under study (cf. Figure 1), at room temperature (295 K) and with a voltage
range between —1 V and 1 V. In Figure 4a, it can be observed that the highest responsivity
value (14.65 V~1) was achieved at 0 V, demonstrating that at this voltage, the diode was
more sensitive to voltage changes and therefore suitable for zero-bias power detection. On
the other hand, the nonlinearity showed an abrupt change near zero volts, as a consequence
of the transition in bias. The highest nonlinearity value was reached under a large forward
bias, i.e., 6.64 at 0.7 V. The asymmetry of the diode, depicted in Figure 4b, points to a
significantly higher conduction under forward bias compared to reverse bias, as a result of
the different injection mechanisms between the graphene and anode contact, with a value
of 806.6 at 1 V.

15 T l T 8OO—I | I
~10}= i
= 600 |-
= o
N 5 “‘i400_
H& — L
= | 200 -

C | | Lo 1|

-1.0 -05 0.0 05 1.0 %.0 0.20.4 0.6 0.8 1.0
V (V) V (V)
(@) (b)

Figure 4. Figures of merit of the MIG diode under study: (a) responsivity (blue) and nonlinearity
(red), and (b) asymmetry versus voltage.

3.2. Power Detection

A power detector operating at 1.225 GHz and 2.45 GHz was simulated to evaluate
the performance of the fabricated MIG diode at zero bias for different RF input powers.
The power detector was implemented as described in [16], using a impedance matching
network to ensure power transfer through the diode and minimize signal reflections due to
impedance mismatch. In this work, the experimental setup used for power detection as
reported in [13] and simulated in [16] was considered, and hence, the results at frequencies
different from 2.45 GHz should be considered as guidelines for performance projections in
non-optimal matching scenarios. The topology of the MIG-based power detector can be
seen in Figure 5, where the stages that are part of the circuit are shown. The power detector
circuit included a 10 MQ) resistor at the output, representing the multimeter connected
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to the circuit’s output, which evaluated the maximum voltage value resulting from the
applied RF input power.

|
|
|
|
|
Bias | | Impedance BpH| | Bias Vout
—: ! tee matching 150Q 47Q i tee
Pin 5.5 fF T ! | swomo
=| -

DC 385nH OUT

I 7.5 pF

iH

ouT

(b) (0)

Figure 5. (a) Circuit used as a RF power detector (the dashed blue line encompasses the MIG large
signal model including extrinsic elements); (b) bias tee, and (c¢) impedance matching network.

To evaluate the output voltage V,; of the power detector, a transient simulation was
performed at each input power P, for a given frequency. As an example, Figure 6a shows
the transient response of Vot to an 10 dBm input signal, exhibiting that a steady-state was
not achieved after 300 ps. To determine a single output voltage, convergence was sought
by adding a reference voltage to the output of the circuit, to improve the initial condition
used by the CAD tool [23]. This reference voltage should be as close as possible to either
the expected result (provided measurements are known) or to a previously found solution
for other power levels. By using a reference voltage, voltage convergence was achieved, as
shown in Figure 6b. The lower Py, the more cycles per second are required to be computed
in order to achieve a steady-state solution.
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0 1 | 1 | 1 260 1 | 1 | 1
0 100 200 300 0 100 200 300
time (ps) time (us)

(@) (b)

Figure 6. DC output voltage as a function of time for an input RF signal with a power of 10 dBm.
(a) Transient response. (b) Steady-state response.

The power detector was simulated in transient analysis at different frequencies and
input power levels ranging from —60 dBm to 20 dBm. Figure 7 shows its response, depicting



Appl. Sci. 2025, 15, 5926

7 of 12

the variation in the output voltage Vot as a function of the input power P;,. Figure 7a
shows the good agreement between the simulation results obtained here and experimental
data at 2.45 GHz, specially in the range from —60 to 20 dBm. The measurement details have
been presented elsewhere [13]. Since low-power level RF signals (i.e., below —40 dBm)
are expected in various practical applications such as wireless communications systems
or energy harvesters, it is important to properly describe the experimental data in such a
range. In contrast to [16], where the simulation results deviated from the experimental data
at low Py, an accurate description of the measurements was obtained here by improving
the convergence in the simulation framework, i.e., by increasing both the computational
time and precision of the initial reference value for each transient simulation. The results
for half the previous operating frequency, i.e., 1.225 GHz, showed lower Vi, values at low
Pi, whereas minimum differences were obtained at high Piy,.

150 — T
T T T
102 [~ — sim. @245 GHz — I N
— sim. @1.225 GHz P
—~~ - - — p—
= Z 100
\_S/ I ] ~ - -
-S B f 7] § 50 — sim. @1 GHz
© / exp.@2.45 GHz — —— sim. @1.225 GHz—
~ 10_2 jﬁrsaeiiiiszgg — ~ —— sim. @2.45 GHz
— sim. @2.45 GHz | — Slm @4 GHz
4 7 in Pasadas et al., 2019 = — sim. @6 GHz
a4 o 1 0 1 ——T1
06 40 20 0 20 o 1 2 3 4
Pin (dBm) Pin (mW)

(a) (b)

Figure 7. Output voltage versus input RF power at different frequencies. Plots in (a) semilogarithmic
and (b) linear scale. Symbols represent experimental data [13], dashed lines are simulation results
presented in [16], and solid lines are simulation results obtained in this work.

For high power levels, the RF tangential responsivity B, of the power detector at the
determined operation frequency was derived from the linear region of the output voltage
as a function of the input power [24] as

o Vout
Bv="p )

To calculate the RF responsivity of the power detector, the power range from 0 mW
to 4 mW was considered for several frequencies, as shown in Figure 7b. Figure 8 shows
the tangential responsivity obtained in the range from 1 GHz to 6 GHz. The highest
responsivity was achieved at the lowest evaluated value, i.e., 1 GHz, and then it followed a
decreasing trend for higher frequencies. For frequencies above 4 GHz, B, declined below
2.9 V/W, indicating the detector’s reduced response capability beyond this frequency.

The MIG-based power detector was simulated at frequencies from 1 GHz to 8 GHz
for powers of —15 dBm, —5 dBm, and 5 dBm, as shown in Figure 9. It can be observed
that the power detector showed an almost linear response from 2 to 4 GHz. The detector
indeed maintained a stable dynamic range up to 4 GHz, with an approximate increase by a
factor of 10 in the output voltage for every 10 dB increase in input power. The change with
frequency of Vot beyond this value was, however, power-dependent. While the highest
and lowest power values considered followed very similar trends, an abrupt drop was
observed for the —5 dBm curve at ~5.5 GHz, in contrast to an apparent plateau appearing
for the —15 dBm and 5 dBm curves. As a consequence, the results obtained here suggest
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that between 7 GHz and 8 GHz, similar values of V,,t were achieved for a 10 dB range of
the input signal below —5 dBm.

[T 1T T 1
60 — —
%40— —
| ]
>
< 20| -
0

0 2 4 6
frequency (GHz)

Figure 8. Variation in the device responsivity (markers) with frequency in the range from 1 GHz
to 6 GHz. A line has been added as a guide for the eye to show the tendency, which follows an
exponential fit.

107~ —— 15dBm |
-5dBm -
—— 5dBm

Vout (mV)
=)
I

%3 I I I I O I
1 23 456 7 8

frequency (GHz)

Figure 9. Output voltage versus frequency at different input RF power values.

To evaluate the ideal behavior of the power detector, the circuit in Figure 5 was simu-
lated without considering the parasitic elements, and hence, only the intrinsic MIG diode
was considered. The circuit was analyzed over an input power range of 0 to 20 dBm,
as shown in Figure 10. The results indicate that, by removing the parasitic elements of
the MIG diode, the detected output voltage increased, especially for the operation fre-
quency at which the circuit was designed (i.e., 2.45 GHz). The RF tangential responsivities
obtained without parasitic elements were 47.3 V/W and 38.7 V/W for 2.45 GHz and
1.225 GHz, respectively.

Table 1 presents a comparison of the FoMs from various works reporting the perfor-
mance of fabricated MIG diodes, in both DC and RF modes, and the simulation results
obtained here. The highest reported tangential responsivities are 168 V/W at 2.5 GHz [25]
and 43.6 V/W at 2.45 GHz [16]. Notice that, in [25], the input power was not directly
measured but evaluated from S1;, which might have led to an overestimation of By. As
for DC, the highest recorded responsivity is 71 V~1 [15], while the nonlinearity reaches its
maximum value of 11 at 0.7 V [4]. Finally, the technology addressed in this work showed a
remarkable value for asymmetry of 806.6 at 1 V.
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Figure 10. Output voltage versus input RF power at different frequencies with (dashed lines) and
without (solid lines) parasitic elements.

Table 1. Comparison of figures of merit.

Ref. fasym SNL * frEs Bv
63.7 V/W at 1 GHz, 31.9 V/W at 1.225 GHz,
this work 806.6at1V 6.64at0.7V 14.65 V1 34.6 V/W at2 GHz, 26.9 V/W at 2.45 GHz,
29V/Wat4 GHz and 0.2 V/W at 6 GHz
[4] 270 at 1.1V 11a0.7V 12V—1at02V 28V/Wat24GHzand2.2V/W at 30.8 GHz
[6] 18at09V 3at03V 8V-lat0.1V -
[13] - - - 42 V/W a 2.45 GHz
[20] 608 - 1ov-! -
[16] - - 124Vt 43.6 V/W at 2.45 GHz
[15] - - 71vV-1 -
[25] Up to 525 Up to 10 Upto135V~! 15V/W at60 GHz and 168 V/W at 2.5 GHz
[26,27] above 400 above 20 - -
[28] - - **10-20 uS/V -

* The values were modified according to Equation (1). ** Calculated as d21/dV?; not directly comparable with frgs.

The asymmetry value obtained in this work for the MIG diode demonstrated in [13]
is among the highest reported in the literature, reflecting the excellent rectification ability
of the diode. Additionally, the nonlinearity value is among the highest documented,
highlighting the device’s efficiency in applications such as harmonic generators, signal
mixers, and frequency multipliers. The tangential responsivity achieved at 1 GHz also
stands among the highest values reported in previous studies.

It is important to highlight that the input power range used to calculate the tangential
responsivity varied among the different studies, which directly influenced the obtained
values. For example, in [4], the input power range was from 0 mW to 3 mW, while in [25], a
fixed power of —30 dBm was used. In [13,16], similar B, values were reported at the same
frequency, suggesting comparable input power ranges. In this work, a large range of 0 mW
to 4 mW was employed, allowing for a more detailed evaluation of the detector’s response.
The tangential responsivity depends on the input power range, as the detector’s behavior
varies significantly across different operating regions. This explains why, even at similar
frequencies, the reported values of By can range from tens to hundreds of V/W.

Furthermore, the impact of parasitics should be emphasized, as their removal led to
a notable improvement in the By values. This optimization increased By by a factor of
1.75 times at 2.45 GHz and 1.21 times at 1.225 GHz, illustrating that reducing parasitic
components is crucial for attaining higher tangential responsivity levels. This highlights
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the need to further optimize the design of MIG diodes to reduce parasitic influences and
improve performance.

4. Conclusions

A compact model of a metal-insulator-graphene diode calibrated with experimental
measurements from fabricated devices was used to evaluate its rectifying figures of merit
and project the performance of this device when used as an RF power detector under
different conditions, such as various input power levels and operation frequencies. Tran-
sient simulations, supported by a reference voltage, enabled accurate evaluation of the
output voltage, particularly at low levels of input power. The RF tangential responsivity
of the power detector was found to exponentially decrease with frequency. In addition,
a quasi-linear relationship between frequency and output voltage was obtained for fre-
quencies between 4 GHz and 6 GHz. This relationship changed when considering the
input power; at —15 dBm, the relationship showed no abrupt changes, whereas at 5.5 GHz,
an abrupt drop was observed at —5 dBm, and an apparent plateau in the response was
observed at 5 dBm. On the other hand, when analyzing the tangential responsivity of the
detector without considering the diode’s parasitic elements, a significant improvement
in its performance was evident at 2.45 GHz, regardless of the input power; however, at
lower frequencies, the difference between the ideal and non-ideal cases was only evident at
input powers higher than 10 dBm. Additionally, the diode demonstrated a high asymmetry
value of 806.6 at 1 V, showing its rectification performance. The nonlinearity value of 6.64
at 0.7 V is comparable with documented results, emphasizing its potential for nonlinear
applications such as frequency multipliers or mixers. The results of this work are intended
as a guideline to select appropriate conditions for the optimal operation of a MIG diode as
a RF power detector.
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