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ABSTRACT

A hybrid antenna consisting of a patch cavity and a metal grating is designed in this work. This antenna can effectively localize and enhance
the intensity of the electric field inside a quantum well photodetector (QWP). The optical properties of the designed antenna are theoretically
investigated, and it is found that the electric field can be increased by a factor of ~10* in the infrared region (6-10 #m) and ~10° in the terahertz
(THz) region (100 ym). These enhancements can greatly improve the performance of QWPs. In the THz region, it is theoretically estimated
that the hybrid antenna can increase the working temperature of the detector to 195 K, and the noise equivalent power is theoretically
estimated to be as low as ~10~"® W/Hz"® at T =4 K and ~10~"* W/Hz" at room temperature, T = 300 K. These results are of great significance

for applications of QWPs.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5128270

I. INTRODUCTION

Metamaterials have been widely investigated due to their excel-
lent ability to control light at subwavelength scales.' * In partic-
ular, the localized surface plasmon resonance (LSPR) modes sup-
ported within metamaterials can strongly enhance and localize
the electromagnetic field, giving rise to a wide range of applica-
tions, such as high-resolution imaging, sensors, optical waveguides,
optoelectronics technology, and quantum well infrared photode-
tectors (QWIPs).””"" QWIPs have been demonstrated as sensitive
devices suitable for a variety of frequency ranges over the last three
decades.'”"” QWIPs are of great interest and have been widely used
in thermal imaging, night vision, target detection, etc.'"'® How-
ever, challenges remain in the application of QWIPs. For exam-
ple, the signal to noise ratio (SNR) of QWIPs is still low at room

temperature due to the thermally induced dark current, particularly
in the long-wave infrared region.””'” Researchers have expended
substantial effort to solve this problem by employing different meth-
ods, including the use of metamaterials.

Recently, researchers'’ have employed a photonic metamate-
rial to increase the SNR in QWIPs and have demonstrated that their
detector can operate at room temperature with high sensitivity at
wavelengths of 8-12 ym. In this work, we investigate a metamaterial,
i.e., a hybrid antenna composed of a patch cavity and a metal grat-
ing, that can strongly enhance and localize the electric field inside the
cavity. We apply our antenna to a QWIP and demonstrate that the
intensity of the electric field inside the quantum well (QW) is greatly
increased, thus resulting in a highly enhanced SNR and responsiv-
ity of the detector. With this antenna, the working temperature of
the detector can be increased, with a potential for room temperature
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FIG. 1. Schematic of the hybrid antenna:
(a) the unit cell from the x-z plane view;
the inset shows the unit cell from the
x-y plane view and (b) an x-y plane view
of a 3 x 3 antenna; the red and gray
patches are metal (Pd or Au) and QWs,
respectively, where s is the patch size,
and ty and tq are the thicknesses of the
metal and the QW, respectively. The yel-
low substrate is gold, which is etched

detection. In addition, the working wavelength (or resonance wave-
length) varies with the structure size, ranging from the infrared to
terahertz (THz) region.

Il. METHODS

The metamaterial proposed in this work consists of a patch cav-
ity and a metal grating arranged in a periodic array. A schematic of
our hybrid antenna is shown in Fig. 1, where Fig. 1(a) presents an x-z
plane view of the unit cell and the inset of (a) presents an x-y plane
image. Figure 1(b) presents an x-y plane view of a 3 x 3 antenna.
A plane wave polarized along the x axis is chosen to illuminate the
structure from above. The metal-dielectric-metal structure forms a
patch cavity, also known as a patch resonator. Here, the top metal
(red) is palladium (Pd) or gold (Au),” where both metals have the
same effect, and the QW is GaAs”' in this study. The gold substrate
is etched into a grating. We investigate the properties (electric field
enhancement) of the antenna by varying and optimizing parameters
such as the size and period.

The patch resonator works as a cavity and enhances the inten-
sity of the electric field inside the QW, while the patch array helps
concentrate more photons due to the coupling effect among these
patches.'” Grating structures have been used to improve the elec-
tric field enhancement of photodetectors due to the coherent effect
of gratings.”” As a result, the responsivity R of the detector will be
greatly increased. In Sec. 111, we analyze the properties of our hybrid
antenna in detail.

(@) (b)

EEEEE ..... EEEEE into a grating with depth h, width a, and
EEEEEEEEEEEEEEE grating period g. The period of the unit
ENEEEEEEEEEEEEN cellis p.

X

I1l. RESULTS

First, we briefly discuss the properties of a solitary patch
antenna array (a patch antenna array without gratings). As pre-
viously reported,"’ the minimum of the reflectivity spectra, which
indirectly represents the absorption cross section, varies with the
array period p. In our study, we employ the electric field enhance-
ment to represent the absorption ability of the structure. We define
the enhancement factor as F = [E? = v/ |%|2dV, where Eq is the
intensity of the electric field inside the QW, Ej is the intensity within
the same volume in vacuum (no structures), and V is the volume
of the QW. The integral is performed over the volume of the QW.
Evidently, the factor F equals 1 in vacuum, and the responsivity
R o F due to the relation between the photocurrent J and electric
field E: J oc |E|*. Figure 2(a) shows the calculated enhancement spec-
trum (black curve) and reflectivity spectrum (red dashed line) of
a patch antenna array with the patch size s = 1.30 ym and period
p = 8 ym. The two spectra show the same resonance at a wave-
length of 8.9 ym, indicating that the enhancement factor F plays the
same role as the reflectivity in indicating the absorption ability of
the structure. Moreover, the current responsivity of the detector is
increased by the factor F. Here, Fpeak = 6005 thus, the responsivity R
is increased 600-fold. Figure 2(b) shows the calculated electric field
enhancement F,,; (squares) as a function of the unit cell period p
of the array. When the period p of the array is near or below the
resonance wavelength, the coupling effect among these patches is
dominant in enhancing the electric field, combined with the cavity
effect. In contrast, when p is sufficiently large, the coupling effect can

600 ‘L\ ' ’J----LO S0 o 1600 FIG. 2. Patch ant ithout gratings: (a) the cal
/ . 2. Patch antenna array without gratings: (a) the calcu-
500 \\ / 108 . 500 1500 lated electric field enhancement spectrum (black curve) and
400} y — 106 2 400} - 4400 reflectivity spectrum (red dashed line) of a patch antenna
p=8 um N—IE| B o2 _% _ _o_o array, where the period p is 8 yum and (b) the calculated
F 3001 ! \= — -Reflectivity | 04 = Fpeak300 [ 0 o 1300 electric field enhancement Fpe (squares) as a function
200} Y N é 200}° 1200 of the unit cell period p of the array; The horizontal black
dashed line indicates Fpeax = 320 for a single patch cavity

100} 102 100 1100 (nonperiodic).
4 85 90 95 100 1072030 4050 60
A (um) p (pm)
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be ignored, and the enhancement factor is simplified to the level of a
single patch cavity.

Next, we combine the patch cavity with a grating, resulting in a
hybrid antenna, to achieve a much larger intensity for the localized
electric field. Figure 3(a) shows the calculated enhancement spec-
tra of the hybrid antenna (black curve) and the patch antenna array
(red dashed line) for comparison. The polarization of the incident
light is about the x axis, and the primary parameters for this infrared
antenna are listed in Table T (A = 8.6 ym). Clearly, the enhancement
of the hybrid antenna is approximately a factor of 12 000 at the reso-
nance wavelength of 8.62 ym, which is much larger than that of the
patch antenna array (~350). Briefly, this strong enhancement can be
attributed to the coupling effect between the patch cavity mode and
the grating mode.

FIG. 3. (a) Calculated electric field enhancement spectra of
a patch antenna array with gratings (black curve) and with-
out gratings (red dashed line), [(b) and (c)] the calculated
square of the intensity of the electric field distribution (|E[?)
in the x-z plane (plane y = 0 um) of the grating alone and
the hybrid antenna at a wavelength of 8.62 ym, and [(d) and
(e)] calculated |E|? inside the QW in the x-y plane (plane
z = 0.1 ym) for a patch antenna array without or with grat-
ings at wavelengths of 8.69 ym and 8.62 um, respectively.

The color bars indicate the ratios: |i—;2 2.

Figure 3(b) shows the calculated square of the intensity of the
electric field distribution (|E|*) in the x-z plane (plane y = 0 ym)
for a solitary grating (without a patch cavity) at the resonance
wavelength of 8.62 ym. The electric field of the resonance mode
of the grating is localized near the surface, and |E|* reaches a
maximum of ~600. When the mode of the grating matches that
of the patch cavity or when the resonance wavelengths of the
grating and cavity are similar (matching condition), the localized
electric field is strongly enhanced. Figure 3(c) shows |E|* in the
x-z plane (plane y = 0 ym) for the hybrid antenna, in which
the matching condition is satisfied. |E|* reaches a maximum of
~40 000. Figures 3(d) and 3(e) show |E[* in the x-y plane (plane
z = 0.1 ym) for the patch antenna array and the hybrid antenna
at wavelengths of 8.69 ym and 8.62 um, respectively. Obviously,

TABLE I. Primary parameters of the hybrid antennas: thickness of the Au layer H, unit period p, grating period g, depth h,
width a, thickness of the QW and the metal tq and ty, patch size s, and hold size s’. All values are given in um. The indexes
nqw and na, indicate QW and Au, respectively.

Unit ym H p g h a tqQ tm s s now NAu
A=8.6 2 60 8 0.3 6 0.2 0.2 1.25 3.4 9.4 + 60i
A =100 20 10° 100 4 80 2 2 15 12 3.4 225+ 319i
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FIG. 4. Calculations for the THz frequency region: [(a) and
(b)] the calculated electric field enhancement spectra for a
patch antenna array with gratings (black curve) and without
gratings (red dashed line) [(a) presents results for a struc-
ture without holes, while (b) displays results for the case
with holes; the insets show the calculated |EJ? inside the
QW in the x-y plane (plane z = 1 um) for the hybrid antenna

cate the edges of the patch and the hole] and [(c) and (d)]
the schematic of a unit cell of the modified hybrid antenna
with a hole [(c) presents the x-z plane view, and (d) presents
the x-y plane view; the patch schematic is magnified for
enhanced clarity].

iR i for a wavelength of 100 m; the white dashed squares indi-
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the enhancement factor is much larger for the hybrid antenna
[Fig. 3(e)].

Thus far, we have performed calculations for a wavelength of
~9 ym and have obtained highly enhanced electric fields with an
enhancement factor of up to 12 000, which is approximately 34-fold
greater than that of the patch antenna array (350) and 12 000-fold
greater than that under vacuum. Additionally, the resonance wave-
length of the highly enhanced mode can be adjusted to other wave-
length regions. As mentioned above, a highly enhanced mode occurs
when the grating mode and patch cavity mode match. It is known
that the resonance wavelength of the grating mode varies with the
grating period g, and the resonance wavelength A,.s of the patch cav-
ity follows Ay = 2511,3ff,10 where s is the patch size, and e is the
effective index. Thus, we can adjust the enhanced mode to a desired
wavelength by tuning the grating period and the size of the patch
cavity. As an example, we calculated the results for two other cases
(not shown). |E|* inside the QW was highly enhanced at wavelengths
of 6.17 ym and 10.07 ym, with enhancement factors of ~5500 and
~15000, corresponding to the modes of hybrid antennas with grat-
ing periods of g = 6 ym and g = 10 ym, respectively. Here, the unit
period was p = 60 ym for both cases.

In the THz region, the photon energy is low, which results
in a very low SNR for the quantum well photodetector (QWP) at
room temperature. Therefore, the QWP can only operate at very
low temperatures (~10 K),”’ which prevents its use in a broad range
of applications. By employing the proposed structure, the resonance
wavelength can be tuned over a wide range, rendering this design
suitable not only for the infrared region but also for the THz region.

Figure 4(a) shows the calculated enhancement spectra for the
hybrid antenna (black curve) and the patch antenna array (red

dashed line) for comparison. The parameters for this calculation
are listed in Table I (A = 100 ym). The enhancement factor reaches
15000 at a wavelength of ~100 ym (~3 THz) for the hybrid antenna.
The inset of Fig. 4(a) shows that the electric field is primarily local-
ized near the edge rather than the center of the patch. Furthermore,
the patch size (15 ym) is sufficiently large to be etched experimen-
tally. Hence, we modified our hybrid antenna by removing some
material from the center of the patch, forming a square hole in the
patch, i.e., making the patch into a square loop. As a result, the
QW area and the dark current are reduced. Figures 4(c) and 4(d)
show schematics of the modified hybrid antenna with a square hole,
and the patch is magnified for enhanced clarity. The hole size is
s’ = 12 ym, and the patch size is s = 15 ym. The results for the
modified structure are shown in Fig. 4(b), including the calculated
enhancement spectra for the modified hybrid antenna (black curve)
and the patch antenna array (red dashed line), both of which con-
tain holes. There is almost no change in |E|* in the inset of Fig. 4(b)
compared with the inset of Fig. 4(a), which indicates the localization
of the electric field. Here, an extremely high enhancement factor,
F =222 x 10, is observed.

IV. DISCUSSION

The highly enhanced and localized electric field results in a
strongly increased current responsivity R, which can increase the
working temperature of the detector. For example, Palaferri et al.
developed a device employing patch antennas,” with a responsiv-
ity R = 5.5 A/W, photocurrent density J = 3.0 x 10”* A/cm?, and
enhancement factor F = 150 (we used our method to calculate this F)
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at T = 4 K. The typical dark current of a THz detector is approx-
imately 1.0 x 107* A/cm? at T = 4 K.’ which allows their device
to work well. With our enhancement factor reaching F' = 2.22
x 10° (THz), it can be estimated that R and J can be increased to
R' =R x F'/F =814 x 10° A/W and J' =] x F/F = 444
x 107! A/cm®. Thus, the dark current density should be smaller
than J', and from Ref. 23, we find that the temperature should be
lower than 195 K. The improved R and J of our structure may enable
the detection of THz radiation at a much higher temperature with
QWPs.

Furthermore, we theoretically estimate the noise equivalent
power (NEP) of our THz structure based on data from Palaferri et
al.” We assume that our detector comprises Np = 4 x 4 = 16 unit
cells, corresponding to a material area of Sqw = Np x (s2 —?
= 1296 ym?. Using the relationship between noise and the material
area, the background current noise of our structure is estimated at
approximately IN1 = Sqw/Spaiaferri * Ipataerri ® 3.8 % 107 A/HZ"S,
for T = 4 K at a voltage of V = 50 mV. Therefore, in this case, NEP;
=In1/R =~ 4.1 x 1078 W/HZ%>. Next, according to the relationship
between noise and temperature, we employ an Arrhenius plot to fit
the noise-temperature curve (not shown) and obtain a noise value
of Iny ~ 4.4 x 1071 A/Hz*® at room temperature, T = 300 K, for
a voltage of V = 50 mV. In this case, NEP; = In2/R 54 x 1070
W/Hz", At present, typical experimental NEP values are 2.0 x 107
W/HZz*® at T = 4 K™ and 2.0 x 10™° W/Hz"" at room temperature.”
These results can help improve the detectivity and working tem-
perature of detectors while maintaining a sufficiently low NEP; for
example, an acceptable value is estimated (10~"° W/Hz"?) at room
temperature.

Notably, some types of QWPs are only sensitive to the E, com-
ponent of an electric field. In this work, we also computed |E,|*
compared with |E|*. The former is 1.8% and 1.6% lower than the
latter at 8.6 ym and 100 ym peaks, respectively. Thus, the main com-
ponent of the electric field inside the QW is the E; component, which
is important for E;-sensitive QWPs.

V. CONCLUSIONS

In this study, we designed a hybrid antenna for midinfrared
and THz photodetectors. Numerical simulations demonstrated that
the hybrid antenna can effectively localize and strongly enhance the
electric field inside the QW, with an enhancement factor exceeding
10°. The enhanced electric field inside the QW can greatly improve
the performance of the detector. In the THz region, we theoretically
estimate that our hybrid antenna can increase the working temper-
ature up to 195 K. In addition, this antenna is theoretically expected
to have a much lower NEP, 107'® W/Hz>® at T = 4 K (typical
experimental data 10" W/Hz°'5). Moreover, at room temperature,
T = 300 K, the estimated NEP is approximately 107> W/Hz*’
(typical experiment data 107° W/Hz™’). These results can be
applied to improve the performance of photodetectors operating
over regions ranging from infrared to THz. Specially, for THz
detectors, which generally operate at low temperature (4 K), these
improvements can greatly increase their working temperature while

ARTICLE scitation.org/journall/adv

maintaining a low NEP. Thus, this approach may enable THz
detection at room temperature.
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