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Highlights

*  Terahertz detectors with asymmetric metal metamaterial show non-degraded response.
*  Detectors with serial connection are inferred to show higher response.
*  Detectors using graphene with higher mobility show higher response.
*  Back gate tuning shows higher responsivity under negative back gate.
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Abstract

In this work, we use T-shaped graphene as the channel of terahertz (THz) detector, and adopt
metallic metamaterials near the source. Graphene plasmons at the source side are enhanced by the
metallic metamaterials, increasing THz absorption and thus enhancing THz response generated by
photo-thermoelectric effect. Because of the non-degraded absorption of graphene plasmons,
samples with large metallic metamaterials show non-degraded response within 0.3 THz, and
samples with small metallic metamaterials show non-degraded response within 0.75 THz. Series
connection instead of parallel connection of each T-shaped graphene channel is expected to yield
higher responsivity. Higher responsivity can also be achieved by applying back gate voltage.
Samples using graphene with lower mobility show weaker response due to reduced THz
absorption, and it is expected that higher response can be obtained by using graphene with higher
mobility.

Introduction

The development of terahertz (THz) technology, which has great potential in safety [1,2],
biomedicine [3,4], communication [5,6], and astronomy [7,8], has long lagged behind other
frequencies. The low single photon energy limits the room temperature performance of photonic
THz devices, and the high frequency limits the coupling efficiency between electronic THz
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devices and incident waves. As a key component of THz technology, THz detector is still far from
ideal, i.e., operating at room temperature with high responsivity, low noise equivalent power,
broad bandwidth, short response time and large dynamic range. Up to now, commercial THz
detectors mainly include pyroelectric detector, bolometer and Golay cells, in which pyroelectric
detectors and Golay cells are slow, while bolometer usually need cryogenic environment. The
breakthrough of terahertz detectors depends on: (i) new materials with special property, which can
overcome the weakness of the prevailing detection mechanisms, (ii) new detection mechanism
which has less weakness in terms of the above-mentioned characters, (iii) exquisite design which
combines the properties of appropriate materials and mechanisms to realize all or most of the
above-mentioned characters.

Since the discovery of graphene in 2004, two dimensional (2D) materials have been considered
as promising material to ideal THz detector. In the past decade, many literatures reported THz
detectors based on two dimensional materials, including bolometers [9-12], resonant [13,14] and
non-resonant [15-21] plasma wave rectification detectors, photogalvanic detectors [22-25], and
photo-thermoelectric (PTE) detectors [26-31]. Mittendorff et. al. demonstrated bolometer based on
graphene with very short response time down to 50 ps, but the response was only 8 nA/W [9].
Detectors based on the resonant plasma wave rectification effect show a series of resonance peaks
with high responsivity [13,14] and short response time [32]. Bandurin et. al. demonstrated
resonant detection with responsivity up to 240 V/W at 10 K but much lower responsibity (< 10
V/W) at room temperature [13]. The major challenge for resonant plasma wave detection is
fabrication of large-scale high-mobility material, since resonant detection requires wt >> 1 and
typical commercial large-scale CVD-grown monolayer graphene shows 1t < 50 fs. Comparatively,
non-resonant plasma wave rectification works efficiently within 1.5 THz. H. Qin et. al.
demonstrated non-resonant plasma wave detection based on graphene with responsivity of 30
V/W and response time <5 ps [15]. The photogalvanic effect in type-Il Dirac material was found
efficient for terahertz detection in recent years. Guo et. al. fabricated PdTe, THz detector, the
responsivity was 10 A/W with response time of 3.2 us [22]. PTE detectors, which depend on the
asymmetric diffusion of heated charge carriers, seems closest to ideal detectors. Castilla et. al.
fabricated dipole antenna-coupled graphene-based PTE THz detector with detection range from
1.8-4.2 THz, peak responsivity of 105 V/W, response time < 30 ns, NEP of 80 pw/Hz**, and
dynamic range > 3 orders [26]. Viti et. al. reported PTE detector with response time down to 3.3
ns and peak responsivity of 49 V/W [27]. As it has been pointed out that the response time is
proportional to channel length [29,30], further reducing response time need shorter channel length
and using materials with short relaxation time of hot carriers. Because of the tradeoff between
response time and responsivity, responsivity will be greatly reduced if response time is reduced to
picosecond scale. Therefore, improvements must be done to raise responsivity. Two potential
methods include contacting channel material with different materials to enhance the Seebeck
coefficient or increasing THz absorption.

In this work, we adopted graphene as channel and excited graphene plasmons to enhance the
THz absorption of graphene. Graphene plasmons are excited and enhanced by placing metallic
metamaterial beside the source, but no metallic metamaterial is placed beside the drain, so that
graphene plasmons will not be excited near the drain. Then charge carriers near the source will be
heated much more than those near the drain, and the heated carriers diffuse from the source to the
drain, generating PTE THz response. The broadband enhancement of metallic metamaterial on
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graphene plasmons guarantees broadband absorption, and hence devices with large metallic
metamaterials show non-degraded responsivity > 10 V/W within 0.3 THz, and devices with small
metallic metamaterials show non-degraded responsivity > 1 V/W within 0.75 THz. Further
enhancing responsivity can be realized by series connection of densely arranged detectors, tuning
graphene Fermi level with a back gate, and using graphene with higher mobility. These results are
helpful for designing broadband THz detector with high responsivity.

Experiment & Discussion

Fig. 1(a) schematically shows the structure of the samples. T-shaped graphene is used as
channel, with horizontal bar defined as head (15 pum in x-coordinate and 5 um in y-coordinate) and
vertical ribbon defined as body (9 pm in x-coordinate and 15 pum in y-coordinate and). Golden
truncated rhombus represents the metallic metamaterials, which is separated from graphene
channel by a thin Al,Oz layer of 20nm. Detectors with different metamaterials are designed,
including big rhombus (151 pum in x-coordinate and 145 pm in y-coordinate, used in Sample 1,
Sample 5 and Sample 6), big triangle (truncated big rhombus without lower half triangle, used in
Sample 2), small rhombus (21 pm in x-coordinate and 25 pum in y-coordinate, used in Sample 3),
and small triangle (truncated big rhombus without lower half triangie, used in Sample 4). Source
and Drain contacts of Samples 1-4 are 1 mm in width. Sample 1 and Sample 2 have 5 periodic
T-shaped graphene, and Sample 3 and Sample 4 have 30 periodic T-shaped graphene, as
schematically shown in Fig. 1(b-d). Sample 5 share the same design with Sample 1 in terms of
metallic metamaterial, but have only one T-shaped graphene and a pair of big rhombuses.

Fig. 1 (a) The schematics of the Sample 1. (b-f) The microscopic images of (b) Sample 1, (c)
Sample 2, (d) Sample 3, (¢) Sample 4.

In our previous work [33], graphene channel was 9 um wide and 200 um long, and showed
resistance from 36000 Q to 54000 Q for a single graphene ribbon. In this work, the channel is 10
times shorter with the resistance of single T-shaped graphene varying from 3300 Q to 5100 Q, so
the post-fabrication quality of graphene in this work is comparable with that in [33]. All four
samples show response under O source-drain bias within 0.08 THz to 0.12 THz, where Sample 1
shows peak responsivity of 14.12 V/W, Sample 2 shows peak responsivity of 12.57 VV/W, Sample
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3 shows peak responsivity of 1.49 V/W and Sample 4 shows peak responsivity of 1.56 V/W, as
shown in Fig. 2(b). Under 0.24 THz to 0.30 THz illumination, the peak responsivity of Sample 1
and Sample 2 slightly increases to 15.44 V/W and 16.69 V/W, respectively, and the peak
responsivity of Sample 3 and Sample 4 keeps nearly unchanged (1.52 V/W and 1.59 V/W), as
shown in Fig. 2(c). Under 0.24 THz to 0.3 THz illumination, Sample 1 and Sample 2 greatly
reduces to 0.11 V/W and 0.089 V/W, but Sample 3 and Sample 4 show slightly higher response to
1.70 V/W and 1.92 V/W, as shown in Fig. 2(d).
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Fig. 2 (a) The measured IdVd curves normalized to a single T-shaped graphene of Samples 1-6. (b)
The responsivity of Samples 1-4 from 0.08 THz to 0.12 THz. (c) The responsivity of Samples 1-4
from 0.24 THz to 0.30 THz. (d) The responsivity of Samples 1-4 from 0.60 THz to 0.75 THz. (¢)
The voltage response of Sample 1 and Sample 5 from 0.24 THz to 0.30 THz.

Here it should be noted that, an appealing merit of our samples, especially for Sample 3 and
Sample 4, is non-degraded THz response, which is usually not observed in THz detectors using
antennas, such as in [22,24]. FDTD simulation in Fig. 3(a) shows that the absorption of Sample
land Sample 2 keeps non-degraded within 0.44 THz, and the absorption of Sample 3 and Sample
4 keeps non-degraded within 2.81 THz. Fig. 3(c) shows that the 1% order mode is about 0.44 THz
for the metallic metamaterials used in Sample 1 and Sample 2, and about 2.81 THz for the
metallic metamaterials used in Sample 3 and Sample 4. The correspondence between the 1% order
mode and the cutoff frequency of high THz absorption suggests that the non-degraded THz
absorption benefits from metallic metamaterials-enhanced graphene plasmons: metallic
metamaterials functions as THz funnels, concentrating incident THz waves to the tips of
metamaterials with high efficiency within first order mode of metamaterials. In this frequency
range, the localized electric field around the tips of the metamaterials show slight increase as
frequency increases, as shown in Fig. 3(d). Then graphene plasmons can be enhanced and show
non-degraded absorption because of the enhanced localized electric field. When the incidence
frequency is between the first order mode and the second order mode of the metallic
metamaterials, the absorption of graphene plasmons decreases because of weakened electric field
around the tips of metamaterials, as shown in Fig. 3(d). Such interaction between graphene
plasmon modes and metamaterial resonance modes were discussed in detail in our previous work
[34]. Then the non-degraded THz response is attributed to the non-degraded THz absorption.
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Within 0.3 THz, Sample 1 and Sample 2 show higher THz absorption than Sample 3 and Sample 4,
so that the THz response of Sample 1 and Sample 2 is stronger than Sample 3 and Sample 4. From
0.6 THz to 0.75 THz, the THz absorption of Sample 1 and Sample 2 greatly reduces and is even
lower than that of Sample 3 and Sample 4, so that Sample 3 and Sample 4 show stronger response
than Sample 1 and Sample 2.
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Fig. 3 () The absorption of Samples 1-4 by assuming the relaxing time of graphene to be 20 fs. (b)
The absorption of Samples 1-4 by assuming the relaxing time of graphene to be 200 fs. (c) The
reflection spectra of the metallic-metamaterials used in Samples 1-4. (d) |E| under the tip of the
metallic metamaterials from 0.05 THz to 1 THz when sparsely arranged (black curve) and densely
arranged (orange curve).

In our-previous work [33], metallic metamaterials were also used to enhance the excitation of
graphene plasmons. However, because the structure was symmetric, plasmons excited near the
source and near the drain have similar strength, and thus the response under 0 source-drain bias
was very weak (measured peak current ~ 2 nA within 0.02 THz to 0.04 THz). In this work,
metamaterials are placed only near the source, which promises strong asymmetry. Although the
relaxation time 1 of the charge carriers in graphene is possibly < 15 fs [33], which means that the
excited plasmons near the source are overdamped, the enhanced THz absorption near the source
will create temperature gradient from the source to the drain, generating stronger THz response
than that reported in [33]. Besides, because response time of PTE detectors is proportional to
channel length [29,30], the channel length is shortened from 200 um [33] to 20 um. Consequently,
the response time reduces from 24 ps to 5 us, as shown in Fig. 4(a).
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Fig. 4 (a) The measured response time of Sample 3. (b) THz responsivity of Sample 6 from 0.08
THz to 0.12 THz (upper panel) and from 0.24 THz to 0.30 THz (lower panel). (c) Transfer
characteristic curves normalized to a single T-shaped graphene of Samples 1-4. (d) Response of
the most significant peak as a function of back voltage within 0.24 THz to 0.3 TH of the Samples
1-4.

As the THz response of these samples depends on graphene plasmons-enhanced PTE effect,
THz response can be further boosted in three aspects. The first one is adequate structure design.
By comparing THz response of Sample 1 and Sample 5, one can see that their peak responses
within 0.24 THz to 0.3 THz are similar, as shown in Fig. 2(e). In fact, Sample 1 can be considered
as parallel connection of five single period, i.e., five Sample 5. As PTE detectors function as
photo-induced voltage sources, parallel connection will not induce in larger output voltage.
Compared with parallel connection, series connection will generate higher voltage response, if the
localized electric field around the tips of the densely arranged metamaterials share similar strength
with that around the tips of sparsely arranged metamaterials. To answer this question, we
simulated sparsely arranged big rhombus (like in Sample 5) and densely arranged big rhombus
(like in Sample 1). Fig. 3(d) shows that the average |E| under the tips of densely arranged big
rhombus is slightly higher than that in sparsely arranged big rhombus. Then it is reasonable that
the plasmons excited in Sample 1 share similar strength with those excited in Sample 5, which is
possibly the reason for the similar peak response. Based on this simulation result, it can be
anticipated that Sample 1 could have generated 4 times higher response if it were designed as a
series connection of Sample 5 instead of a parallel one. Similarly, Sample 3 and Sample 4 could
have generated 29 times higher response in the same way. In that case, Sample 3 and Sample 4
may generated higher response than Sample 1 and Sample 2. The reason is that a single period of
Sample 1 (/Sample 2) is more than 25 times larger than that of Sample 3 (/Sample 4), while the
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responsivity of Sample 1 (/Sample 2) is just 10 times larger than that of Sample 3 (/Sample 4). If
all these samples are replaced by series connection, i.e., forming a PTE pile, with similar area,
Sample 3 and Sample 4 will possibly generate twice stronger responsivity. Considering that a
single period of Sample 4 is even smaller than a single period of Sample 3 and they show similar
THz response from 0.072 THz to 0.75 THz (and Sample 4 is expected to show higher response
from 2 THz to 3 THz according to the simulation shown in Fig. 3(a)), a series connection of single
period of Sample 4 will generate largest THz response because of the largest amount of single
period. Therefore, design of detectors with small metallic metamaterial in series connection is
possibly helpful in boosting the THz responsivity. Alternatively, a combination of the proposed
structure and broadband metalens [35,36] can also help to boost the THz responsivity by raising
the localized electric field.

The second aspect lies in increasing the THz absorption of graphene plasmons by using
graphene with higher mobility. By comparing Fig. 3(a) and Fig. 3(b), one can see that the THz
absorption of graphene plasmons decreases from > 4% to ~ 1% within 1.0 THz, when the
relaxation time reduces from 200 fs to 20 fs. In the experiment, we fabricated Sample 6, which
share the same structure with Sample 1, but using graphene with pre-fabrication mobility of 1000
cm?/Vs. As shown in Fig 1(a), the measured current of Sample 6 is about 3-4 times lower than that
of Samples 1-5, corresponding to their difference in mobility. Fig 4(b) shows that the responsivity
of Sample 6 is lower than half that of Sample 1. We attribute the weakening in responsivity to the
reduction in absorption. This indicates that higher responsivity can be expected for detectors by
using graphene with mobility > 10* cm?/Vs.

The last aspect lies in enhancing the Seebeck coefficient of graphene. Generally, PTE THz
detectors show peak responsivity at certain gate voltage [16]. However, all samples in this work
show limited back gate tunability because of the poor conductivity of Si substrate. The measured
current only changes by 96.6%, 100.6%, 26.1% and 34.3% for Sample 1, Sample 2, Sample 3 and
Sample 4, respectively, as the back gate voltage increases from -40 V to 40 V. The decrease in
current as back gate voltage increases as shown in Fig. 4(c) indicates hole domination.
Correspondingly, the responsivity only increases by 26.3%, 21.2%, 5.8% and 5.9% for Sample 1,
Sample 2, Sample 3 and Sample 4, respectively, as the back gate voltage reduces from 0 V to -40
V (Fig. 4(d)). According to our previous work [33], larger increase in responsivity is expected if
mediumly-doped Si substrate is used.

Conclusions

To conclude, we fabricated THz detectors using T-shaped graphene and metallic metamaterials.
Benefiting from metallic metamaterials-enhanced broadband THz absorption of graphene
plasmons, these detectors show non-degraded plasmon-assisted PTE THz response within
low-THz region. Higher zero bias responsivity and shorter response time are achieved by
asymmetric design of metallic metamaterial and shortening graphene channel. Detectors with
large metallic metamaterials show higher responsivity, and detectors with small metallic
metamaterials show broader frequency range with non-degraded responsivity. Detectors with
small metallic metamaterials are expected to show higher responsivity by series connection of
dense arrangement with similar area. Further enhancement in responsivity includes using graphene
with higher mobility, and enhancing Seebeck coefficient of graphene by efficient gate tuning.
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EXPERIMENTAL SECTION

Device Fabrication. Commercial CVD-grown monolayer graphene with pre-fabrication
mobility of 3000 cm?\Vs, the same as that used in our previous work [33], is used as channel for
Samples 1-5, and CVD-grown graphene with pre-fabrication mobility of 1000 cm?Vs, is used as
channel for Sample 6. Graphene is wet-transferred onto Si/SiO; substrate, with Si thickness of 500
um and resistivity >10° Q-cm, and SiO, thickness of 300 nm. After that, the graphene flake is
patterned into periodic T-shape by O, ion. Two large metal pads (Cr/Au 20/80 nm) functions as
source and drain, with the source connecting the head of T-shaped graphene and the drain
connecting the end of body. Metallic metamaterials (Au 80 nm) are placed between the heads of
T-shaped graphene, with overlap region of 3 um. The thin Al,O3 layer, which separate T-shaped
graphene and metallic metamaterial, is used to guarantee enhanced localized electric field between
metallic metamaterial and graphene.

Measurements. All the measurements were performed at room temperature and under ambient
environment. 1dVvd, IdVg curves are measured by using a Source/Measurement Unit (Agilent
B2912A). We used a microwave source (Agilent E8257D, 20-40 GHz) equipped with VDI
multipliers (WR 2.8 and WR 9 Tripler) to generate THz signal from 0.072 THz to 0.12 THz, and
from 0.24 THz to 0.30 THz. A microwave source (Agilent E8257D, 9-13 GHz) with a 54x
frequency multiplier is used to generate THz signal from 0.60 THz to 0.75 THz. THz response
was measured by combining the Source/Measurement Unit with a lock-in amplifier (SR830) and a
high-speed sampling oscilloscope. Responsivity was calculated by R=1/P*S.% where | is the
measured response current, P is the power density of THz signal, and is 1 mW/cm? for 0.072-0.12
THz and 0.24-0.30 THz, and 0.2 mW/cm? for 0.60-0.75 THz, S is the effective detector area
calculated by Ser = max{Sqev, STz}, Where Sge, = 0.424 mm? is the detector area, and St, = A%/4x
is the diffraction-limited area.
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