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Abstract—In this paper we report a compact, zero-biased
Graphene-based power detector circuit based on our in-house
metal-insulator-Graphene (M IG) diode fabricated on glass
substrate. The designed circuit is optimized for the frequency
band 40 − 75 GHz. Measurements show dynamic range of
more than 50 dB with down to −50 dBm sensitivity. The
measured responsivity for the fabricated circuit on glass is
168 V/W at 2.5 GHz and it reaches 15 V/W at 60 GHz
without calibration for substrate losses. Measurement results
together with the introduced CVD Graphene process promote
the proposed circuit and device for repeatable, statistically stable
millimeter-wave and sub-millimeter wave circuits applications.

I. I NTRODUCTION
Graphene is a 2D material that has unique electrical and
mechanical properties. The reported carrier electron mobility,
saturation velocity, and the ability to scale and integration on
different substrates make Graphene a perfect candidate for RF,
millimeter-wave, and sub-millimeter wave circuit applications.
Graphene-based devices and circuits are under continuous
development [1]. Graphene FET-based circuits [2]-[4] suffer
from the low cutoff frequency (fT ) and low maximum oscillation frequency (fmax ) due to fabrication issues regarding
the graphene-gate metal contact resistance [5]. In addition; the
poor saturation of single-layer graphene-based FETs causes
low DC gain. On the other hand, exfoliated Graphene-based
FET’s report higher fT and fmax [6], but they suffer from
repeatability and fabrication process stability. The Chemical
vapour deposition (CVD) method in producing large-scale
Graphene has the advantage of reproducibility which is crucial
for device modeling which enables the usage of Graphene
circuits in different commercial applications. Many studies are
carried out to produce CVD Graphene with improved mobility
to be used in stable, large-scale production processes [7].
Power detectors are one of the direct applications for exploring the high carrier mobility in Graphene. Power detectors are
crucial elements in wireless communication systems. Many
applications such as radio-frequency identification RF ID,
automatic gain control AGC, energy harvesting and many
other applications require sensitive, low-voltage drop, low
capacitance power detectors. Employing Graphene FET’s as
power detector devices has been reported in [8]-[10]. The
demonstrated FET-based power detectors are leveraging the

Fig. 1. Metal-insulator-Graphene diode cross section.

non-linear channel resistance property above the FET extrinsic
fT and fmax limitations. The 3-dB detection bandwidth of
the presented FET-detectors is given by 1/(2πCt Rt ) where
Ct is the total gate capacitance which consists of gate-tosource capacitance Cgs and gate-to-drain capacitance Cgd ,
and Rt is the total resistance and is formed by the gate
resistance Rg in series with the source resistance Rs . Using
Graphene FETs as power detectors has two main limitations.
The First limitation comes from the excess capacitance of
Cgs which limits the 3-dB detection bandwidth of the power
detector. The second limitation is the limited dynamic range
which is related to the small-signal dependency of the channel
nonlinear resistance. In addition, the reported sensitivity is
directly related to the used substrate. Detectors presented in
[8] and [10] are fabricated on millimeter-wave SiC substrate
with higher sensitivity compared to the work in [9] which is
fabricated on glass which has higher substrate loss at higher
frequencies.
In this work we introduce a Graphene diode with cross
section shown in Fig. 1. It is based on our in-house stable
CVD Graphene process on glass which provides the ability of
fabrication on different substrates. Using the presented device,
we prove the concept with a compact V -band power detector
circuit demonstrating high sensitivity, and large dynamic range
with statistically stable performance.

Fig. 4. Graphene power detector schematic based on MIG diode.

Fig. 2. M IG diode device 3D plot (not to scale).

II. D IODE OPERATION AND FABRICATION
In recent technologies, Metal-insulator-metal M IM diodes
have two main advantages over semiconductor based pndiodes and Schottky diodes due to their very low series
resistance which leads to improved performance for higher frequency applications. In addition, these diodes can be fabricated
in a thin-film processing which makes them attractive for non
semiconductor based systems like glass or flexible substrates.
The 3D plot of the proposed vertical metal-insulator-Graphene
(M IG) diodes is shown in Fig. 2. Diode operation is fully
described by the thermal emission theory considering the bias

Fig. 3. Fabricated M IG diode DC characterisitcs.

induced barrier lowering at the Graphene and the 6 nm thick
T iO2 interface as shown in Fig. 1. The MIG diodes are
fabricated on 500 µm glass substrate. The entire fabrication
process was performed using optical contact lithography. First,
200 nm deep trenches were etched into the substrate by
reactive ion etching (RIE) for the deposition of embedded
metal electrodes. With the same resist mask after etching,
the trenches were then filled with a stack of 180 nm Al
and 20 nm T i using e-beam evaporation, followed by liftoff. Then, a layer of 6 nm T iO2 is deposited by atomic layer
deposition (ALD) at 300 ◦ C using an oxygen plasma process
with titanium tetrachloride (T iCl4 ) as precursor. Vias through
the T iO2 layer were opened by Ar sputtering, and then sealed
with 20 nm N i without breaking the vacuum. Chemical vapor
deposition (CVD) grown Graphene is transferred onto the sample using P M M A as a supporting layer. After patterning the
Graphene by oxygen plasma, metal contacts to the Graphene
were fabricated by sputter deposition and lift-off, with 20 nm
N i and 100 nm Al on top. DC characterization shown in
Fig. 3 of the fabricated devices demonstrates high on-current
density of 8 A/cm2 , high asymmetry upto 470 , with a strong
maximum nonlinearity of upto 15. These features outperform
state-of-the-art metal-insulator-metal diodes.
III. M EASUREMENT R ESULTS
The presented diode is used in the proposed schematic as
shown in Fig. 4. The presented design provides a linear-in-dB
performance to improve the dynamic range. Input impedance
is matched for maximum power transfer in the frequency band

Fig. 5. Detector response measurement setup.

Fig. 8. Detector response measurement results upto 70 GHz.
Fig. 6. Measured S11 for different samples using Keysight P N A − X
network analyzer for the frequency band 40 − 70 GHz.

from 40 − 75 GHz utilizing resistive and reactive matching
compromising noise and wideband operation. Measured S11
is shown in Fig. 6 for six samples on different wafers showing
good matching in the designed frequency band with stable
performance to ensure the repeatability and process stability.
Power detector sensitivity, dynamic range, and responsivity
measurements are performed using the measurement setup
shown in Fig. 5. Power calibration is carried out for the
Keysight P N A − X network analyzer using Keysight
N 8488A power sensor and Keysight E4418B power meter
for accurate power measurements. Low-pass filtering at the
output is done utilizing an external bias-T. Sweeping the RF
power at certain frequency in the band and recording the DC
output we were able to measure the detector performance.
Measurement results for the RF power sweep at 60 GHz
are given in Fig. 7. Measurements are carried out for eight
different samples on two chips demonstrating the pronounced
repeatability and performance stability of the proposed fabrication process and devices. Measurements a dynamic range

Fig. 7. Detector dynamic range and sensitivity measurement results at
60 GHz for different fabricated samples.

of at least 50 dB and outstanding sensitivity of better than
−50 dBm is achieved. It is important to mention that the
measured dynamic range and sensitivity are mainly limited
by the measurement equipments and not the fabricated circuit
due to noise limitations of the used network analyzer and its
output power capabilities at millimeter-wave frequencies.
To measure the responsivity of the fabricated diodes we
apply −30 dBm over the frequency range from 2.5 GHz up
to 70 GHz and measure the output voltage at 50 Ω load. From
the measured S11 we can calculate the incident power on the
device. Measurement result is shown in Fig. 8 and it shows
responsivities as high as 15 V/W at 60 GHz without deembedding the thick glass substrate power losses, at 2.5 GHz
showing an outstanding responsivity of 168 V/W.
Chip micrographs of the fabricated device and circuit on
glass substrate are shown in Fig. 9 (a) and (b), respectively.
IV. D ISCUSSION AND C ONCLUSION
Table I compares between the presented power detector and
other Graphene-based power detectors.
The proposed circuit utilizes our metal-insulator-Graphene
diode device and outperforms state-of-the-art Graphene FETbased power detectors with the same substrate. The introduced

Fig. 9. Chip micrographs: (a) M IG diode. (b) power detector circuit.

TABLE I
S TATE - OF - THE - ART COMPARISON
Ref.
[8]
[9]
[10]
This work

Substrate

Scheme

Dynamic Range

Sensitivity

Responsivity

SiC
Glass
SiC
Glass

FET
FET
FET
M IG diode

40 dB
40 dB
NA
50 dB

−73 dBm
−60 dBm
NA
−50 dBm

71 V/W at 2 GHz, and 33 V/W at 110 GHz
NA
1 − 2 V/W at 96 GHz
168 V/W at 2.5 GHz, and 15 V/W at 60 GHz

diode outperforms other metal-insulator-metal diodes. The
demonstrated circuit is the first reported power detector using
Graphene-based diodes. High dynamic range, high responsivity, and diode-based design promote the circuit to be used in
millimeter-wave, and sub-millimeter wave applications.
ACKNOWLEDGMENT
This work was financially supported by the European Commission under the projects Graphene Flagship (contract no.
604391), SPINOGRAPH (contract no. 607904).
R EFERENCES
[1] G. Fiori, et al. Electronics based on two-dimensional materials, Nat Nano,
no. 10, pp. 768-779, 2014.
[2] O. Habibpour, et al. A Subharmonic Graphene FET Mixer, IEEE Electron
Device Lett., no. 1, pp. 71-73, 2012.
[3] M. N. Yogeesh, et al. Towards the design and fabrication of graphene
based flexible GHz radio receiver systems, IEEE Intl Microw. Symp.
MTT-S 2014, pp. 1-4, Oct. 2014.
[4] S.-J. Han, et al. Graphene radio frequency receiver integrated circuit,
Nature Communications, vol. 5, Jan. 2014.
[5] James H. Schaffner, et al. ” Graphene based active and passive component development on transparent substrates ”, Proc. SPIE 9083, MicroNanotechn. Sensors, Systems, Applications VI, Jun. 2014.
[6] F. Schwierz, Graphene Transistors: Status, Prospects, and Problems,
Proceedings of the IEEE, vol. 101, no. 7, pp. 1567-1584, Jul. 2013.
[7] N. Petrone, et al. Chemical Vapor Deposition-Derived Graphene with
Electrical Performance of Exfoliated Graphene, Nano Lett., vol. 12, no.
6, pp. 2751-2756, Jun. 2012.
[8] J. S. Moon, et al. Graphene FET-Based Zero-Bias RF to Millimeter-Wave
Detection, IEEE Electron Device Lett., vol. 33, no. 10, pp. 1357-1359,
Oct. 2012.
[9] J.-S. Moon, et al. 20 Mb/s Zero-power graphene-on-glass microwave
envelope detectors for ubiquitous ultra-low-power wireless network, presented at the 2014 IEEE/MTT-S International Microwave Symposium MTT 2014, 2014, pp. 1-3.
[10] O. Habibpour, et al. Graphene FET Gigabit ON-OFF Keying Demodulator at 96 GHz, IEEE Electron Device Lett., vol. 37, no. 3, pp. 333-336,
Mar. 2016.

