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Abstract—High performance rectenna detectors that operate at
room temperature have been developed for the frequency range of
terahertz to infrared (IR). We formed IR rectennas by coupling
bowtie antennas to ultrafast diodes, called geometric diodes. Ge-
ometric diodes rely on geometric asymmetry and the long charge
carrier mean-free path length of graphene to provide asymmet-
ric current-voltage characteristics. The planar structure of the
geometric diode provides the femtosecond RC time constant neces-
sary for detection of IR frequencies. Fabricated IR rectennas using
graphene geometric diodes have shown strong optical response
to 28 THz CO., laser illumination at room temperature. The de-
tectivity (D*) and the noise equivalent power (NEP) of the IR
rectennas are calculated to be on the order of 10° cm Hz'/2W !
and 10~° W Hz '/2, respectively. Simulations show that with
some improvement room temperature rectennas using graphene
geometric diodes are able to achieve an NEP value as low as 10711

W Hz /2,

Index Terms—Detector, diode, graphene, infrared (IR), NEP,
rectenna, room temperature, terahertz.

1. INTRODUCTION AND BACKGROUND

ONVENTIONAL infrared (IR) detectors and terahertz de-
C tectors are classified into two types, thermal detectors and
photon detectors [1]. Neither type of IR detector has domi-
nated the market because they each have their own limitations.
Low frame rates limit thermal IR detectors while the need for
cryogenic cooling limits photon IR detectors. We have success-
fully demonstrated a room temperature, high performance IR
rectenna detector that does not belong to either thermal or pho-
ton detector categories and does not suffer from their limitations.
The development of IR detectors started with thermal detec-
tors, which can be traced back to Herschel’s experiment with
thermometers about 200 years ago [2] and Langley’s bolometer
in 1880 [3]. Thermal detectors absorb the incident radiation to
change the temperature of the material within detectors. This re-
sults in a change in their electrical properties. For example, the
resistance of a bolometer changes with temperature. The mag-
nitude of the change is proportional to the incident radiation
power. Thermal detectors are able to work at room temperature
and normally require a heat sink. Their detection performance is
generally wavelength independent, but the response is relatively
slow compared to photon detectors [1], [4].
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Fig. 1. Schematic diagram of a rectenna. An incident EM wave is received by
the antenna, and rectified by the circuit containing a high speed diode and a low
pass filter, providing a dc output to the load. This figure is from ref [7].

The development of photon detectors relates closely to the
development of semiconductor technology. The first IR pho-
toconductor was invented by Case in 1917 [5]. Sixteen years
later, Kutzscher discovered that lead sulphide was photocon-
ductive and could be used as a photon detector for a wavelength
of 3 um [6]. The electrical output of a photon detector is the
photocurrent generated due to the absorption of a photon by
the semiconductor material. Since the absorbed photon energy
has to be larger than the bandgap energy of the semiconductor
material, photon detectors are wavelength dependent. Photon
detectors usually respond much faster than thermal detectors.
However, IR photons and terahertz photons have much lower
energy than photons at visible frequencies, and therefore IR and
terahertz photon detectors require cryogenic cooling to achieve
good signal-to-noise performance to keep the thermally gen-
erated current below the level of the photocurrent. IR systems
based on semiconductor photon detectors are normally expen-
sive, heavy, and inconvenient to use [1].

II. PRINCIPLE OF OPERATION
A. Rectenna Detector

Rectenna IR and terahertz detectors can be considered ultra-
high frequency radio receivers. Fig. 1 shows the configuration
of a rectenna system. Rectennas have two main components:
antennas and diodes. The function of the antenna is to absorb
radiation in its electromagnetic (EM) form and convert it into
an ac current input to the diode. The ultrafast diode rectifies the
ac to provide a dc output to the load. Rectenna detectors have
fast responses and do not require cryogenic cooling. They are
sensitive to the polarization of the incident radiation and can
be either wavelength selective or broadband depending on the
antenna design.

Extensive research has been carried out on high efficiency
IR antennas [8]. The bottleneck for terahertz and IR rectenna
technology lies in the diodes. The two primary requirements for
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Fig. 2. The structure of an inverse arrowhead geometric diode. The width of

the neck (dyeck) is on the order of the charge carrier MFPL in the material.
Charge carriers reflect off the interior boundaries of the diode. We call the
inverse arrowhead direction from left to right the forward direction for carrier
transport. On the left side of the neck charge carriers can either channel directly
through the neck region, or reflect at the tapering edge and have a chance to
keep moving forward. On the right side of the neck the vertical edge blocks the
majority of the charges. This figure is from ref [7].

a working rectenna diode are high operating speed and a good
impedance match to the antenna. For the diode to be sufficiently
fast it must respond to the terahertz signal intrinsically, and also
the RC time constant of the circuit consisting of both the diode
and the antenna must be shorter than the period of the incident
wave. Conventional semiconductor diodes, such as p-n junction
diodes and Schottky diodes, cannot rectify IR frequencies, and
with few exceptions, terahertz. The most widely investigated
diode for terahertz rectennas is the metal-insulator-metal (MIM)
diode. Parallel plate MIM devices suffer from fundamental RC
constraints [9]. As a result, MIM diode operation beyond a few
terahertz is inefficient.

B. Geometric Diode

We proposed a new type of ultra-fast diode, called a geometric
diode [10], and demonstrated its operation at dc [11], and at
28 THz [7]. Rectenna detectors using geometric diodes have the
potential to revolutionize the field of IR and terahertz detectors.

Geometric diodes are locally ballistic transport devices,
where the critical dimension of the device is on the order of
charge mean-free path length (MFPL) of the material [10]. They
rely on the device’s physical asymmetry to achieve diode be-
havior. Dragoman used a quantum approach to simulate similar
structures [12], and demonstrated the device dc electrical char-
acteristics [13]. Semiconductor devices relying on geometric
asymmetry were demonstrated by A. M Song [14]. The devices
took the advantage of the geometric effect in a patterned gal-
lium arsenide film and used hot electrons as charge carriers to
function as a full-wave rectifier.

The principle of operation of the geometric diode exploits
an asymmetric device geometry to control charge carrier move-
ment. In Fig. 2, we show a schematic diagram of one form of
the geometric diode. A conductive thin film is patterned into an
inverse arrowhead shape. The width of the constricted neck re-
gion at the end of the arrowhead is on the order of charge carrier
MFPL in the material. The shape of such a ballistic device in-
fluences the charge carrier transport within the geometric diode.
Charges are reflected at the boundaries of the sloped arrowhead
and can funnel from left to right (forward direction) through the
neck. Conversely, the vertical sidewall of the arrowhead blocks
the charges moving from right to left (reverse). Thus, the inverse
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arrowhead shape of the diode determines the preferred forward
direction for charge flow to be from left to right. At zero bias,
charge transport will achieve equilibrium and create a built-in
voltage due to the gradient of the charge concentration caused
by the geometric effect, resulting in zero net current. Under bias,
charges face less resistance in the forward direction than in the
reverse direction. Such a geometric effect leads to a current—
voltage [I(V)] asymmetry, and the device behaves as a diode.
To obtain a large geometric effect, the carrier MFPL in the thin
film material has to be sufficiently large compared to the neck
width. Therefore, we chose graphene as the material for its long
MFPL [15].

Unlike semiconductor diodes, which are transit time limited,
and conventional MIM diodes, which are RC time constant lim-
ited [9], geometric diodes are exceptional candidates for IR
and terahertz rectenna detectors. Geometric diodes are formed
from patterned conductive thin films. Therefore, by varying the
geometry their impedance can be adjusted for a good match
with the antennas. As for the intrinsic speed, graphene is capa-
ble of operating at terahertz frequencies [16]-[18]. High qual-
ity graphene samples support plasmon waves that are weakly
damped [19], [20] with a gate-tunable surface plasmon fre-
quency [21] up to the graphene optical phonon frequency of
48.3 THz [22]. More importantly, geometric diodes have ultra-
low capacitance. Based on a planar film capacitance model,
we estimate the capacitance of an arrowhead shaped geometric
diode with a 100 nm neck width to be between 1077 and 10~**
F [7]. Since the impedance of antennas is normally about 100 2
the RC time constant of an impedance matched rectenna system
using graphene geometric diodes is on the order of 10719 s.
Thus in theory, geometric diodes do not suffer from RC con-
straints up to approximately 100 THz, and we have measured
their response at 28 THz.

III. SIMULATION OF GEOMETRIC DIODES

Monte Carlo simulations based on the Drude model [23]
have been used to model the transport of charges within the
device [11]. In the Monte Carlo simulation, charges move
ballistically between collisions within the structure and reflect
specularly at the edges of the device. Their velocities are the
sum of the drift velocity and a randomly directed Fermi ve-
locity, which is regenerated in magnitude and direction after
every collision. The drift velocity is calculated from the electric
field due to the applied drain-source voltage, and the effec-
tive mass of the electrons in the material [24]. Although only
a few collisions were needed for an electron to move from
the left edge of the device to the right edge of the device,
the electrons looped through the device enough times to un-
dergo 10° collisions (~ 103~10° loops), which was required to
achieve stable and low noise I(V) curves. The simulated results in
Fig. 3 show that increasing the charge MFPL and reducing neck
width (dpecx ) increases the asymmetry of the diode (V) curve.
Detailed Monte-Carlo simulation results for geometric diodes
can be found in references [11] and [7].
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Fig.3. Simulated /(V) curves for a geometric diode with different neck widths
(dyeck) and a fixed shoulder width (dspoulder @s shown in Fig. 2) of 1 pm.
The MPFL is set to be 200 nm in all the simulations. Narrower necks restrict
the reverse current more effectively. This figure is from ref [7].
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Fig. 4. Dirac curve [drain-source current (Ipg) versus back gate voltage
(V)] of the graphene used for fabricating the graphene geometric diode. The
drain-source voltage Vpg was fixed at 1.5 V. The CNP voltage (Vonp ) is 24 V.
When Vi is less than Vo p, the majority charge carriers within graphene are
holes (h™). When Vg is larger than Vo xp, the charge carriers are electrons
(e™). This figure is from ref [7].

IV. FABRICATED DEVICES AND MEASUREMENT RESULTS
A. Material for Geometric Diodes—Graphene

We choose graphene as the material for its long charge
MFPL and capability of handling extremely high current den-
sity, ~10%A/ cm®. This allows for devices that are sufficiently
large to be fabricated within the capabilities of current lithog-
raphy techniques. The MFPL of graphene is long, due to its
unique atomic structure and high electron mobility [15]. Re-
search groups have reported electron MFPLs in graphene up to
a few micrometers [25], [26]. The MFPL can be calculated
from a measurement of the drain-source current (Ips) ver-
sus gate voltage (Vi), sometimes called the Dirac curve [15].
Fig. 4 shows the Dirac curve of our graphene prepared using the
exfoliation method. The gate voltage (Vi) at which the device
has a minimum drain source current (Ipg) is the charge neutral
point (CNP) voltage (Venp ). At this voltage, the electron and
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Fig. 5.  AFM image of a rectenna detector. In the rectenna, a graphene ge-
ometric diode couples to a metal bowtie antenna. Compared to the thickness
of graphene, the significantly thicker metal antenna results in a low contrast
between graphene and the SiO9 substrate, and therefore the graphene is not
visible in this AFM image. The inset shows the AFM image of a geometric
diode similar to the diode located at the center of the antenna gap region. This
figure is from ref [7].

hole concentrations are the same and conductivity of graphene
reduces to a minimum. The CNP voltage Vonp of the graphene
used in this study is 24 V. The backscattering MFPL was calcu-
lated to be 45 nm [27]. The charge carrier concentration in the
simulation is determined to be 1.1 x 10'2cm~2 at a gate voltage
of 30V, 6 V away from the Vonp.

B. Fabrication Method

We used exfoliation to produce graphene flakes on 90 nm
thermally grown SiOs silicon wafer substrates [15]. The ge-
ometric diodes were patterned using electron-beam (e-beam)
lithography followed by an oxygen plasma etch. We used maN
negative resist and a JEOL 9300 electron beam writer for the
e-beam patterning process. An Oxford Plasmalab 80+ RIE sys-
tem with an oxygen plasma power of 50 W was used for 12 s to
etch the graphene. The diodes were fabricated with a four-point
probe configuration to remove the contact resistance from the
measurement [7]. Four metal contacts (15 nm Cr/40 nm Au)
were thermally evaporated and lifted off using resist patterned
by photolithography.

C. Fabricated Geometric Diodes With Antennas

The 28 THz IR rectenna detectors were fabricated with 5.1 ym
long metal bowtie antennas and graphene geometric diodes
configured in an edge-fed arrangement [28], as shown in Fig. 5.
The antenna is a combination of two opposing 2.3 um long
triangular metal sections (15 nm/45 nm thermally evaporated
Cr/Au). It is coupled to a 500 nm long graphene geometric
diode placed at the center of the antenna gap region. The neck
width of the diode is approximately 75 nm, measured with an
atomic force microscope (AFM).

D. Diode DC I(V) Measurement

Before performing the optical response measurements of the
rectenna detectors, the /(V) characteristics of graphene geo-
metric diodes were measured at dc. Four-point measurements
with pulsed bias voltage were carried out to eliminate the
contact resistance [7]. The four-point measurement setup is
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Fig. 6. Four-point probe measurement setup circumvents contact resistance
that distorts two-point measurements. A pulsed voltage was applied to provide
drain-source current (Ipg) through the outer two metal contacts. The actual
voltage drop across the diode (Vhg) was measured between the inner metal
contacts. A back gate voltage (Vi ) was applied directly to the silicon substrate
to control the carrier type and concentration in the graphene. This figure is from
ref [30].

shown in Fig. 6. Channel A of a Keithley 2612 Sourcemeter
was used to provide the pulsed dc voltage at the outer two
contacts and the current Ipg was measured at the same time.
By configuring the same channel of the Sourcemeter to be in
“4-Wire” mode, we were able to measure the actual voltage
drop Vpg across the diode between the inner two contacts. In
the gate effect measurement, Channel B of the same Sourceme-
ter was used to apply a back gate voltage Vi to the silicon
substrate. At room temperature and atmosphere environment,
graphene electronic devices suffer from hysteresis effect [29].
To achieve accurate I(V) characteristics, the applied dc voltage
was pulsed with a pulse width of 26 us and followed this pattern:
0‘/7 +VY17 _‘/1; “FVY27 _‘/27 et ‘/endv _Vvend-

The graphene geometric diode exhibited a nonlinear asym-
metric /(V) relationship, as shown in Fig. 7(a). For IR detec-
tor applications, an important figure of merit for the diode
is the responsivity, which is defined as one half of the ra-
tio of the second derivative to the first derivative of the (V)
[1/2 x I"(V)/I'(V)]. The responsivity represents how much
dc current can be generated for a given ac input power. The
responsivity of the diode of Fig. 7(a) is plotted in Fig. 7(b). This
stand-alone diode has a responsivity of 0.12 A/W at zero bias
voltage, and over 0.2 A/W under bias. Due to the inconsistence
of the fabrication process of geometric diodes, the performance
of fabricated geometric diodes vary among devices. The diode
in Fig. 5 has a lower responsivity than the diode in Fig. 7. Its
diode responsivity is ~0.03 A/W.

E. Detector Optical Response Measurement

To measure the optical response, we illuminated the rectennas
with 28 THz radiation from a CO, laser. Two-point measure-
ments were performed on the antenna-coupled diodes in air
at room temperature. The optical measurement setup is shown
in Fig. 8. A SYNRAD 48-1SWJ IR CO, laser generated the
28 THz radiation. The power from the CO» laser was controlled
by changing the pulse width from a pulse generator. We used a
red He-Ne laser to assist in aligning the CO» laser to the device.
A half-wave plate on the optical path rotated the laser’s polariza-
tion relative to the antenna axis. A Stanford Research Systems
(SRS) chopper with 25 blades was used to mechanically chop
the laser beam at 280 Hz. The same chopper produced a refer-
ence signal for the SR830 lock-in amplifier, so that the lock-in
amplifier was able to detect the modulated output current and
voltage signal at the chopping frequency. Before and after ev-
ery optical measurement, a mercury switch shorted the probes
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Fig. 7. (a) DC [(V) characteristics (solid blue) of an exfoliated graphene
geometric diode at a gate voltage of 20 V. The Monte Carlo simulation (dashed
green) uses the dimensions of the fabricated device: neck width = 75 nm,
shoulder width = 400 nm, and the measured MFPL = 45 nm; (b) Calculated
responsivity [1/2|1”(V') /I'(V')|] as a function of the applied drain-source bias.
At 0V bias, the responsivity is 0.12 A/W. This figure is from ref [7].
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Fig. 8.  Optical response measurement setup of the rectenna. We used a red He-

Ne laser to align the CO2 laser. A two-point probe setup was used for measuring
the open circuit voltage and short circuit current. The lock-in amplifier used a
280 Hz signal from a chopper as the reference. To study the effect of changing the
angle between the antenna axis and the incident wave polarization, a half-wave
plate was used. This figure is from ref [7].
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Fig. 9. Metal antenna/graphene diode rectenna short-circuit current (green
circles) and open-circuit voltage (blue diamonds) as a function of polarization
angle (¢) under CO3 laser illumination of 49 mW/mm?.

to the ground potential to avoid damage to the devices from
electrostatic discharge.

Fig. 9 shows the optical response of the rectenna detector
under illumination. Although the maximum responsivity occurs
at Vpg > 1V dc bias, as shown in Fig. 7(b), no external Vpg
was needed during optical measurements because the diode had
sufficient asymmetry at zero bias. Both the rectified open-circuit
voltage and short-circuit current in Fig. 9 have cosine-squared
dependences with the polarization angle, confirming that the
optical response was due to the radiation coupled through the
bowtie antenna. This angular dependence of the optical response
indicates that the rectification was neither caused by diffusion
of optically generated charge carriers, nor was a result of ther-
moelectric effects due to non-uniform illumination of the diode.
Additionally, no gate voltage was applied during the measure-
ment, and we discharged the device to the ground through a
mercury switch before the measurement. Therefore, no p-n junc-
tions could have been formed as a result of zero Vpg and Vi
bias [31].

Two additional measurements were performed to confirm that
the rectenna responds at 28 THz. First, we illuminated graphene
geometric diodes without coupled antennas. As expected, diodes
without antennas did not show any optical response. This indi-
cates that the optical response shown in Fig. 9 is not caused by
in-situ p-n doping in the graphene [31]. Second, as shown in
Fig. 10, the amplitude of the on-axis polarization (6§ = 0°) re-
sponse increases as the incident radiation intensity increases. In
contrast, for the misaligned case (6 = 90°) the detector output
remains at the noise voltage level regardless of the change in the
laser intensity. Thus, the graphene geometric diode genuinely
rectifies the 28 THz signal absorbed by the antenna.

In the next two sections, we first verify that our measured
detector output is in quantitative agreement with the estimated
output. After a short review on the performance of existing IR
and terahertz detectors, the figures of merit of those detectors
will be compared with those of our IR and terahertz rectenna
detectors.

V. DISCUSSION OF MEASUREMENT RESULTS

To confirm that the measured results at 28 THz are consistent
with our model for the device operation, we estimate the output
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Fig. 10.  Open circuit voltage versus laser input intensity at three polarization

angles: 0°,45° and 90°. The response at 0° (blue circles) indicates perfect align-
ment between the laser polarization and the antenna, which gives the strongest
open circuit voltage signal. At 90° (green crosses), the antenna is perpendic-
ular to the laser polarization and gives a near zero output voltage at all input
intensities.

signal of the rectennas based on the measured dc I(V) behav-
ior of the geometric diode. When the rectenna axis was aligned
with the laser polarization, the short-circuit current output of the
rectenna was measured to be 420 pA. In calculating the expected
short-circuit current we take into account the following system
parameters: measured laser intensity (P, ), reported antenna ab-
sorption efficiency (7, ), measured diode responsivity (3, ), and
calculated rectenna coupling efficiency (7). ). We measured the
illumination intensity (P, ) using a Scientech Astral AC25FXS
power meter to be 49 mW/mm? assuming the device was 1 mm
offset from the beam center. The effective area (A.g) of the
28 THz metal bowtie antenna with the same configuration is
reported to be 37.5 m2. The measured antenna absorption effi-
ciency is 37% [32]. The antenna impedance (R, ) is assumed to
be 100 2, which is a typical for an antenna operating at terahertz
frequencies [33]. We measured the dc /(V) behavior of the diode
in the rectenna and calculated its responsivity to be 0.0285 A/W
at zero-bias. Based on the (V) data, a diode resistance (R;) of
~3000 2 was calculated. As mentioned in the beginning of the
paper, the diode capacitance (C,;) was calculated to be ~ 10718
F. Using an impedance matching model [9] in (1), the rectenna
coupling efficiency is calculated to be 12%

Ry Ry
(R.+Ry)’

2
R, R
1+ (w7<R”+gd)cd)

Ne = ey

where w is the radiation frequency, which is 27 x 28 THz. The
estimated current is

Lo, = RnAeffnaﬂdn(:- 2)

Combining all the above parameters and using (2), the metal
antenna/graphene geometric diode rectenna gives an estimated
current of 2.6 nA, which is greater than the measured current
probably because of incorrect estimates of the antenna efficiency
and impedance match.
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VI. COMPARISON WITH OTHER IR
AND TERAHERTZ DETECTORS

To compare the geometric diode rectenna with other detector
technologies used in IR imaging and terahertz radiation de-
tection, several detector characteristics need to be considered:
system responsivity, normalized detectivity (D*), noise equiv-
alent power (NEP), working temperature, and imaging frame
rate.

We define the rectenna system responsivity (Jsys) in (3) to
be the product of the antenna absorption efficiency, the diode
responsivity, and the system coupling efficiency. The rectenna
system responsivity is the current output of the rectenna system
for a given incident optical power

ﬁsys = naﬁdnw (3)

The responsivity of the rectenna detector in Fig. 5 is calculated
to be 0.2 mA/W. The normalized detectivity D* is a measure of
the noise performance of the detector and is defined as [8]:

D" = (AdAf)l/Q% @)
where
I = \/ <2e1bm 4 m) Af. 5)
Ry

For the rectenna system, A f is the bandwidth of the detector
and Ay is the area of the detector, which equals the effective
area (A.g ) of the antenna for rectennas. The noise current (1)
is calculated as the sum of the shot noise from the diode dc bias
current ([p,i,5) and the Johnson thermal noise from the diode
resistance. Our rectenna detectors work at zero bias (Ipi.s = 0
A) and room temperature (7' = 300 K). D* is calculated to be
2.6 x 105 cm Hz'/2W—1,

Another detector characteristic, the NEP, is a measure of
the minimum incident optical power required for unity system
signal to noise ratio [34]. A lower NEP value represents better
detector sensitivity. NEP is related to D* and is defined as [7]:

VAl

D+

The NEP of the metal antenna / graphene geometric diode
rectenna IR detector is calculated to be 43 nW Hz /2.

Thermal bolometer IR detectors working at wavelengths
of 2 to 40 um typically have a D* between 10% and
1019 cm Hz'/?W~! at 77 K [4] and between 10% to 10% cm
Hz'/?W~! [35] at room temperature. They are capable of op-
erating at room temperature, with a frame rate on the order of
a few milliseconds. Our rectenna IR detectors using graphene
geometric diodes have a much faster frame rate than thermal IR
detectors. The fundamental limit of the frame rate is the circuit
RC time constant, which is shorter than 10712 s.

Compared to photon detectors, rectenna IR detectors are able
to operate at room temperature and also are sensitive to the
polarization of the incoming radiation. Photon detectors based
on mercury cadmium telluride (HgCdTe) have become the most
widely used IR detector for mid and long wavelength (3-30 pim)
IR radiation. The ITI-V (InGaAs, InAsSb, InGaSb) detectors are

NEP =

(©)
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used mostly for short wavelength IR. At77 K and 10.6 m wave-
length, HgCdTe IR detectors have achieved D* on the order of
10*%cm Hz'/2W ! [1]. The D* of semiconductor photon detec-
tors in general decays by a factor of 10 for every 10 K increase in
temperature [4]. A number of concepts [1], [36], [37] have been
proposed to improve performance of photon detectors operating
at near room temperature. Multijunction HgCdTe photodiodes
are capable of achieving a D* of 108cmHz' /2W~' at 10.6 pm
wavelength [36].

Atthe time of writing of this paper, there are no other graphene
detectors for 28 THz detection. When the incident radiation
frequency is below the RC limit of the rectenna, the size of
the antenna can be adjusted to any frequency. Therefore, we
can compare our rectenna to graphene detectors operating at
~1 THz. Tredicucci et al. have experimentally demonstrated a
graphene field effect transistor (FET) working at 1 THz [18].
In this graphene FET detector, the top gate of a graphene tran-
sistor is coupled with one arm of a terahertz metal bowtie an-
tenna while the other arm of the antenna acts as the source
terminal of the transistor. The detector responsivity is produced
by a second-order nonlinear effect when an oscillating tera-
hertz field is applied between the gate and the source terminals.
The dc photovoltage output is proportional to the derivative
of the drain-source channel conductivity with respect to the
gate voltage. The performance of the graphene FET is funda-
mentally limited to the graphene top gate capacitance coupling
efficiency, which also limits its operating frequency. Our cur-
rent graphene geometric diode rectenna is at least as good as
this graphene FET terahertz detector, which has an NEP of
30 nW Hz~'/2 for double layer graphene devices, and 200 nW
Hz '/ for single layer graphene devices.

Rectennas using MIM diodes provide another approach for
IR and terahertz detection. Although conventional lumped ele-
ment MIM diodes are limited in performance by their RC time
constant at 28 THz, room temperature rectennas using MIM
diodes can achieve high D* and low NEP at 1 THz. A resis-
tance matched Ni-NiO-Ni MIM diode in a rectenna (100 €2 at
0.33 V with 0.74 mA bias) has a coupling efficiency of 77% and
a system responsivity of 5.2 A/W. In theory, the D* of recten-
nas working at 1 THz with lumped element Ni-NiO-Ni MIM
diodes is 1.89 x 108 cm Hz'/?>W~!, assuming an antenna area
of 0.09 mm? [30]. Due to the low coupling efficiency of MIM
rectenna system at 28 THz, the D* of the same Ni-NiO-Ni diode
rectenna drops to 8.9 x 10% cm Hz!'/?W—!.

IR rectennas using MIM diodes have been demonstrated by
several groups [38], [39]. An impedance matched MIM diode
operating at 28 THz requires a diode area of 0.001 xm? with
0.3 nm insulator thickness [40]. Such a diode will provide a
theoretical NEP as low as 5 nW Hz~'/? to the rectenna system.
IR rectennas using practical MIM diodes have a typical NEP
value on the order of 1076 W Hz '/? [41]. We proposed a
potential solution to the RC coupling issue by using rectennas
with MIM traveling wave diodes for 28 THz detection [42],
[43]. The approach is to fabricate MIM diodes into a traveling
wave configuration. The predicted D* of traveling wave MIM
diode rectennas can be as high as 10° cm Hz'/2W 1.

In Table I, we summarize the performance of the IR and tera-
hertz detectors presented above. Both D* and NEP information
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TABLE I
SUMMARY OF THE PERFORMANCE OF CURRENT IR AND TERAHERTZ DETECTORS

Detector type D* (cmHz'"*W") NEP (W Hz'?) Incident radiation frequency / | Frame time
wavelength

Bolometer 10%- 10 at 77 K [4] 2 —40 um >1 ms, ultimately

(VWO) [4], [35] 10° to 108 at 300 K [35] limited by the
thermal time
constant [4], [35]

Photon detector 10" at 77 K [1] 3-30 um [1] <1 ps, ultimately

(HgCdTe) 1], [36] 108 at 300 K [36] 10.6 um [36] limited by the

device RC time
constant [4]

Graphene FET detector [18]

2 x 107 (single layer) at 300 K
3 x 10°® (double layer) at 300 K

1 THz/299.8 pm

1.89 x 10* at 300 K
8.89 x 10° at 300 K

Ni-NiO-Ni lumped element
MIM rectenna [30]

1 THz / 299.8 pm 28 THz /
10.6 pm

Ni-NiO-Ni travelling wave
MIM rectenna [43]

up to 10° at 300 K

28 THz/ 10.6 pm

10°-10" at 300 K (device
shown)

107 -10® at 300 K
(improved shape)

Graphene geometric diode
rectenna

10®-107 at 300 K

107 -10"" at 300 K

28 THz/ 10.6 pm ~ 1 fs, ultimately
limited by the
rectenna RC time

constant

are not available for other types of IR detectors in literature.
Therefore we provided both D* and NEP values for our detec-
tors for convenient comparison. The rectenna detector using a
graphene geometric diode provides among the best room tem-
perature IR and terahertz detection performance along with high
frame rates.

VII. NIGHT VISION APPLICATION ANALYSIS

A major application of the low-cost rectenna IR detectors is in
night vision systems, e.g., for use in automobiles. We consider
the noise equivalent temperature difference (NETD) to quantify
detector performance for night vision applications. NETD is the
incident signal temperature required to match the internal noise
of the detector, so that the signal-to-noise ratio equals one [8],
and corresponds to the lowest temperature difference that can be
detected [44]. The requirement for reasonable automotive night
vision is to have an IR detector with a NETD value less than
0.3 K [45]. The NETD is calculated as [4]:

L/ fr
BoysdP/dT"

In (7), dP/dT refers to the thermal variation of the spectral
emittance, I,, is the noise current, fr is the video frame rate,
and [y is the rectenna system responsivity. At a drain source
bias of 0 V, the noise current is 12 pA Hz /2. For night vision
application a video frame rate of 30 Hz is assumed. The geo-
metric diode in Fig. 4, though far from optimal, is used for the
following analysis. The device has a diode responsivity of 0.12
A/W ata Vpg of 0 V. We use a B,y of 0.06 A/W assuming a 50%
antenna absorption efficiency and perfect impedance matching.
The differential dP/dT can be calculated by subtracting the in-
tegral of Planck’s law at two temperatures with a temperature
difference of 1 K, in a 30 Hz bandwidth over the spectral range
of 8 to 14 pum. A typical bolometer night vision system has
a pixel pitch of 35 pum [44]. Assuming that the antenna ab-
sorbs the radiation with such area, dP/dT can be calculated
to be 3.2 nW/K [46]. Using the above parameters, the NETD
of geometric diodes is ~0.3 K. Using the simulated I(V) and

NETD = (7

[t Vgl = 05V

08}

-40 -30 -20 -10

Fig. 11. Measured asymmetry (A = |I(Vps)/I(—Vbs)|) as a function of
the gate voltage (V) for the geometric diode in Fig. 6, at three different
drain source voltages: [Vpgs| = 0.5V, |[Vps| = 1V, and |Vpg| = 1.5 V. Diode
asymmetry increases with |Vpg|. The polarity of the diode switches as the Vi
is varied from —40 V to 40 V, due to the change of the charge carrier type from
holes to electrons near Vonp (=24V). The diode asymmetry ratio reaches its
maximum at Vi; = 12 V and 32 V. This figure is from ref [48].

responsivity data, the NETD of geometric diode rectennas can
potentially drop to 0.03 K or even lower. This is on the same
order of magnitude as the NETD of night vision bolometers,
which is ~0.06 K [47]. Photon IR detectors are predicted to
have a NETD value of less than 0.1 K at the same frame rate of
30 Hz [36]. Due to the poor coupling efficiency, rectennas using
MIM diodes have a much higher NETD value of ~140 K [46].
Thus, geometric diode rectennas are expected to have NETD
values that are better than photon IR detectors, and at least as
good as those of bolometers, but with the capability of much
higher frame rates.

VIII. PERFORMANCE IMPROVEMENT

There are at least four ways to increase the sensitivity of our
rectenna detector. The simplest way is to change the diode op-
erating point by applying Vpg and V; to maximize diode I(V)
asymmetry [48]. Compared to the devices at zero Vpg, the geo-
metric effect is greater at higher Vpg. We define the diode (V)
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asymmetry Atobe |I(Vps)/I(—Vbs)|. As shown in Fig. 10, the
diode asymmetry is highest when Vpg equals 1.5 V, compared to
thatat 1 V and 0.5 V Vpg. The same drain-source voltage effect
can be also seen in Fig 6(b), where applying Vpg doubles the 3;
from 0.12 A/W at zero bias to ~0.24 A/W at 1 V bias. A trade-
off of increasing the Vpg is that shot noise also increases. For
the diode in Fig. 6, the rectenna system performance will first
improve with applying Vpg and then start to degrade with higher
Vbs. Thus, for geometric diodes, there is a Vpg that provides
the best system detection performance. Furthermore, increas-
ing the voltage difference (|V; — Vonp|) between Vi; and CNP
voltage Vonp also leads to greater geometric effect [48]. The
charge carrier concentration n of graphene increases and gives a
longer MFPL ( +/n) [27]. The I(V) asymmetry of the graphene
geometric diode in Fig. 11 increases when V; shifts from 24 to
12V, and also from 24 to 32 V. However, the diode /(V) asym-
metry decreases as |V — Vonp| increases further, because the
current in the device starts to saturate [49]. More details of the
graphene gate effect and CNP can be found in reference [48].
Thus, without physically modifying the device, applying Vpg
and V; canincrease the D* of the same rectenna device by a fac-
tor of two to five, bringing D* up to close to 10° cm Hz'/2 W1
and a NEP value ~10~1°WHz /2,

The second approach to increasing the diode responsivity is
to change the geometric shape of the diodes. We are currently
developing geometric diodes with improved geometrical asym-
metry. These improved devices in theory can reduce the NEP
value to as low as 101" WHz /2,

Another approach to improve the rectenna detection per-
formance is to improve the quality of graphene and hence
the charge MFPL. This can be achieved by improving the
fabrication process and reducing chemical contamination of
graphene [50]. Boron nitride as substrate has resulted in an
improved quality of exfoliated graphene [51], [52].

Last, detection can be improved by changing the antenna. We
chose the simplest bowtie antenna due to its ease of fabrication
and its polarization-selective absorption efficiency. Many more
efficient antenna designs exist [32].

IX. CONCLUSION

In conclusion, we have developed a new type of IR detector
and have demonstrated it for 28 THz radiation, corresponding to
a wavelength of 10.6 um. Rectenna IR detectors incorporating
graphene geometric diodes provide optical frequency rectifi-
cation of 10.6 pm wavelength radiation with both metal and
graphene bowtie antennas. The measured short-circuit currents
agree with calculate values based on the diode and antenna pa-
rameters. The performance of the rectenna IR detector is among
the best reported uncooled IR detectors. We calculated the D*
of our detector to be 10 cm Hz!'/?W~! with a NEP value of
43 nW Hz /2. Further improvement in the diode and antenna
design is expected to increase the detector performance by at
least a factor of two. In theory, our rectenna IR detectors can
achieve a NEP value as low as 10" WHz /2,
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