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Abstract: The integration of quantum well infrared
photodetectors with plasmonic cavities has allowed for
demonstration of sensitive photodetectors in the mid-
infrared up to room-temperature operating conditions.
However, clear guidelines for optimizing device structure
for these detectors have not been developed. Using sim-
ple stripe cavity detectors as a model system, we clarify
the fundamental factors that improve photodetector
performance. By etching semiconductor material be-
tween the stripes, the cavity resonance wavelength was
expected to blue-shift, and the electric field was pre-
dicted to strongly increase, resulting in higher respon-
sivity than unetched stripe detectors. Contrary to our
predictions, etched stripe detectors showed lower
responsivities, indicating surface effects at the sidewalls
and reduced absorption. Nevertheless, etching led to
higher detectivity due to significantly reduced detector
dark current. These results suggest that etched structures
are the superior photodetector design, and that appro-
priate sidewall surface treatments could further improve
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device performance. Finally, through polarization and
incidence angle dependence measurements of the stripe
detectors, we clarify how the design of previously
demonstrated wired patch antennas led to improved
device performance. These results are widely applicable
for cavity designs over a broad range of wavelengths
within the infrared, and can serve as a roadmap for
improving next-generation infrared photodetectors.

Keywords: etching; infrared photodetector; intersubband
transition; metasurface; plasmonic cavity; quantum well.

1 Introduction

Photodetectors operating in the mid-infrared range are
widely used for chemical detection, remote sensing, and
imaging technologies. However, current detectors for
wavelengths greater than 5 um are based on highly toxic
and difficult to fabricate mercury cadmium telluride
(HgCdTe) alloys [1, 2]. One alternative structure receiving
increased attention is a photodetector based on quantum
wells integrated with plasmonic metasurfaces, which we
call a metasurface quantum well infrared photodetector
(metasurface QWIP) [3-6]. This type of detector uses less
toxic and standard semiconductor industry materials, and
is fabricated with well-established processes. Additionally,
both the quantum well [7, 8] and metasurface [9-11] can be
independently tuned over a wide range of wavelengths.
Plasmonic metasurface cavities consist of two metal
layers, typically Au, sandwiching a thin dielectric mate-
rial. Vertically (z) incident light with an electric field
parallel to the cavity surface (E,) is rotated into the normal
direction (E;) through magnetic coupling (H,) with the
cavity. Due to confinement within the cavity, the magni-
tude of the electric field is dramatically enhanced [12]. A
single cavity can absorb light across a much larger area
than its physical area [12-14], and the plasmon resonance
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wavelength can be adjusted across a broad range of
wavelengths by simply changing the cavity dimensions
[10]. These properties have been previously used for per-
fect absorbers [14, 15] and plasmonic metasurface cavity
thermal emitters [16-18].

The electric field rotation and enhancement make
metasurface cavities particularly attractive for integration
with QWIPs. These detectors operate based on engineered
intersubband transitions (ISBT) of electrons within the
conduction band of the quantum well [19], where the
transition energy corresponds to a desired wavelength in
the infrared, and generate a photoconductive current by
applying a bias voltage. Due to ISBT selection rules, only
light with an electric field normal to the quantum well
surface (E,) can be absorbed, leading to low absorption in
standard QWIP architectures using a 45° etched facet or
integrated diffraction gratings [7]. In a metasurface QWIP,
however, the cavities provide rotation and an enhanced
field to generate strongly enhanced absorption. Provided
the resonance wavelength of the metasurface cavity is
matched to the absorption peak of the QWIP, the sensi-
tivity of the QWIP to radiation at normal incidence is
greatly enhanced. Additionally, the metallic layers of the
cavity can be used as electrodes, allowing for straight-
forward biasing and carrier collection from the quantum
wells [20].

An initial report by Chen et al. demonstrated meta-
surface QWIPs with square patches connected by thin
wires [3]. Most importantly, they reported that removing
semiconductor material from outside the cavity area
reduced the detector dark current (Ip), the current present
in a detector under bias due to its inherent transport
properties. The background current (Izg), the baseline
current inevitable during normal operation in a detector
under bias due to radiation from a room temperature
(300 K) environment, barely changed after etching, indi-
cating that light absorption was largely unaffected. This
was reported to allow an increase in the detector operating
temperature due to an increased Igg/Ip ratio. Based on this
report, modified versions of the etched, wired patch
structures were later used to demonstrate
temperature detector operation [5, 6].

However, these results left questions unanswered
regarding fundamental metasurface QWIP behavior. While
Chen et al. showed that dry etching reduced I, in the de-
tector [3], they did not discuss how etching would affect the
detector responsivity (R), the output current generated per
unit of incident power. Because the change in the magni-
tude of R due to dry etching was not shown, improvement
in the detectivity (D*), the signal-to-noise ratio described
by R and I and the most fundamental figure of merit in
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infrared photodetectors, could not be clarified. Dry etching
was also reported to blue-shift the plasmon resonance peak
of the metasurface QWIP, but only minimal explanation
was given for this behavior. There was no systematic study
performed to clarify the mechanism of this blue-shift.
Finally, wiring-induced changes in photoresponse such as
polarization-dependence [5] and absorption peak position
shifts [6] in wired patch antenna structures make funda-
mental analysis of device performance difficult.

For studying fundamental metasurface QWIP
behavior, a simple stripe structure offers a clearer physical
picture and allows for more straightforward comparison
with previously developed physical models [21-25]. This
structure also allows for simple electrical contacting
because stripes can easily be connected to a larger metal
contact pad. Stripe metasurface QWIPs have been previ-
ously studied [4] as high-polarization-discriminating de-
tectors, but the thick QWIP structure in the report had a
complex optical response with multiple plasmon reso-
nance modes (third-order Fabry—Perot mode and surface
plasmon mode due to the diffraction) present at different
positions in the cavity. Furthermore, there was no discus-
sion on etching of the semiconductor to improve I and D*.

In this report, we systematically study etched and
unetched stripe metasurface QWIP performance. Both
types of detector are fabricated from an identical, well-
characterized quantum well, so that only the final dry
etching step defines the different morphology of stripes.
The effect of etching on metasurface QWIP resonance peak
position and photoresponse is systematically demon-
strated, along with its effect on I and D*. Electromagnetic
simulation predicts higher R for etched structures due to
the enhanced fields in the cavities. However, experiments
actually gives lower R for etched cavities; this unexpected
results shows that device performance cannot be pre-
dicted simply by cavity shape, and the effects of the sur-
faces at the etched sidewalls due to the processing must
also be considered. Nonetheless, etched stripes are found
to be the superior structure with higher D*due to their
reduced Ip. Surface effects such as depletion layers and
etching damage have been considered insignificant for
conventional QWIPs [26], but may have greater impact on
metasurface QWIP performance because absorption is
strongest at the cavity sidewalls and the etched surface
areas are much larger. Appropriate sidewall surface
treatments could therefore lead to further improvement in
etched detector performance. These results give a
comprehensive picture of how cavity morphology de-
termines metasurface QWIP behavior, providing a road-
map for future development of detectors with optimum
photoresponse and detectivity.
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2 Results and discussion

To understand the effects of etching on metasurface
behavior, we begin with the simple metal/dielectric/metal
structures illustrated in Figure 1A, B. A single unit of a
stripe array has length L and period P, with a dielectric
layer thickness of T = 200 nm. The top and bottom metal
layers are made of Au, and have thicknesses of ¢,;,; =100 nm
and t,,,, = 200 nm respectively. For etched structures, both
the top Au layer and dielectric have length L, while for the
unetched structure, only the top Au layer has a length of L.
The dielectric constant of Au is taken from Ordal et al. [27].
The dielectric layer was assumed to be homogenous and
nondispersive, and the refractive index for the dielectric
was taken as n = 3.05 + 0.10i, based on preliminary ex-
periments involving the actual GaAs/AlGaAs quantum well
structures used later in the manuscript. Incident light was
assumed to be normal to the detector with x polarization.
Using rigorous coupled wave analysis (RCWA), and
assuming initial L value of 1.0 pm, we can realize total
absorption at 7.00 pm with P = 2.3 pym for an etched
structure (Figure 1C). However, for an unetched structure
with the same L and P, the absorption peak is red-shifted to
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8.17 pm while keeping nearly unity absorption. Therefore,
for absorption at the same wavelength, L must be smaller
for an unetched structure than for an etched structure. This
is similar to the behavior observed in Chen et al. where a
1.4 pm etched square cavity was reported to have the same
resonance peak as 1.1 pm unetched cavity [3]. Note that for
normal incidence with y polarization, no absorption peak
appears for either structure, indicating strong polarization-
dependence [4]. Here polarization angle (¢) is defined as
the angle relative to the x axis (¢ = 0° for x and ¢ = 90°
for y polarization).

To understand the origins of this peak shift, electro-
magnetic fields were investigated. The intensity of the z

component electric field (|EZ|2) was calculated for both
structures at z = 0.1 pm, corresponding to the center of the
dielectric where the quantum well is located (Figure 1D),

and the distributions of |Ez|2 over a single period P were
mapped (Figure 1E, F). The normal incident electric field
intensity is taken as 1. For both structures, the cavity sup-
ports a half-wave Fabry—Perot resonance of the metal/
dielectric/metal waveguide mode by the reflection at the
both edges of the cavities. As seen in Figure 1E, for the

— Etched
— Unetched

Absorption

Wavelength (um)

— Etched

— Unetched

Figure 1: Modeling of stripe cavity structure. A, B) Schematics of etched and unetched structures. kand Eindicate the incidence direction and
polarization of incoming light. C) Simulated absorption profiles for both structures with L =1.0 pm and P= 2.3 pm. D) Magnitude and average
values for |Ez|2 within one period P for each structure taken at z= 0.1 ym, normalized to the incident field. Note dotted areas of the etched curve
(blue) indicate regions with no semiconductor material. E, F) Color maps of |EZ|2 for entire period P for etched and unetched structures. White
lines indicate the cavity shape, with the dashed line indicated the position of the quantum well. Contour lines are taken at every increase of five

in intensity (5, 10, ... ,35).
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etched stripes, |Ez|2 has a high, uniform magnitude across
the thickness T of the dielectric, particularly near the edges
of the cavity, which suggests strong reflection of the wave-
guide mode at the ends. This arises from the mismatch be-
tween refractive indices (impedance mismatch) of the metal/
dielectric/metal waveguide and the surrounding ambient.

Note that compared to |E,|°, |E,|° within the cavity is
significantly smaller. At infrared wavelengths, the effective
index of the metal/dielectric/metal waveguide can be
reasonably approximated by [16, 22|

26
Netr = Ne\[1 + e )

where n, is the real part of the refractive index of the
dielectric and § is the skin depth of the metal, 22 nm for Au
[27]. Based on this model, we obtain neg = 3.17, which has a
significant index mismatch with the surrounding ambient
(n = 1). However, for the unetched stripes (Figure 1F), the
index mismatch between the metal/dielectric/metal stack
and the surrounding dielectric is much smaller (g = 3.17
vs. n; = 3.05), so the reflection is not as strong. The weaker
reflection leads to distorted distribution of |E,|* that is
localized at the corners of the metal stripes but does not
extend deeply into the dielectric layer. Also, the incomplete
reflection phase makes the effective cavity length longer
than the geometrical length of the metal/dielectric/metal
waveguide [21, 24, 25]. Thus, for resonance at the same
wavelength, L must be smaller for an unetched structure
than for an etched structure. Selection of metasurface
cavity dimensions corresponding to a desired resonance
wavelength will thus strongly depend on the intended
cavity morphology.

In considering R, the spatial range of the contributing
semiconductor should also be taken into account. While
there is no dielectric material to absorb light outside the
cavity for the etched stripes, for the unetched stripes, the
dielectric outside the stripe cavity will absorb light,
contributing to the overall R value of the detector.
Although the magnitude of the electric field within the
cavity is lower for the unetched stripes, it is not necessarily
clear that the total R is inferior to the etched stripes. This
can be clearly understood by evaluating the average elec-

tric field intensity |E, |12WG for etched and unetched stripes
across the entire period P

|E.|dx
|Ez |12w(; = '[T (2)

For the etched stripe, (2) is integrated only over the
cavity length L. For the unetched stripe, it is integrated
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over the entire period P due to the presence of the
dielectric outside the cavity. As seen from the horizontal

lines in Figure 1D, while |EZ|fWG for the etched cavities
suggests they should have higher responsivities than
unetched cavities, the difference is not dramatic but
instead relatively small. Therefore, while this simple
modeling was convenient to overview the effects of cavity
shape, further detailed investigation based on experi-
mental validation and exact modeling is important for
clearly determining the optimum structure for a meta-
surface QWIP structure.

To evaluate how these modeled structures behave
experimentally, etched and unetched stripe detectors were
fabricated following the processes described in the Section
4, Before designing stripe metasurface QWIP detectors, a
Brewster-angle incidence detector was fabricated (see
Section 4) to characterize the intrinsic R of the GaAs/
AlGaAs quantum well. We obtained a peak unpolarized
responsivity (Rpear) of 4.1 mA/W at 6.7 pm. Based on the
above simulations, stripe detectors were designed to
exhibit total absorption peaked at 6.7 pm, and values of
L = 096 pm and P = 2.4 pm for etched stripes and
L =0.79 ym and P = 2.3 pm for unetched stripes were
determined. We also fabricated stripes with L values that
gave resonance at wavelengths covering the entire range of
the quantum well absorption peak. Scanning electron mi-
croscope (SEM) images of both etched and unetched
structures can be seen in Figure 2A, B, with the metallic and
dielectric regions colored following the schematics in
Figure 1A, B. R was evaluated by cooling samples to 78 K
and measuring detector current with the detector exposed
to radiation from a Fourier transform infrared (FTIR)
spectrophotometer. I and Iz were measured with the
detector covered by a cold shield at 78 K or under illumi-
nation from a black body surface at 298 K with a field of
view of 102°.

From Figure 3A, B, we can compare the experimental
responsivity spectra for etched and unetched detectors for
a wide range of L values. For comparison, the responsivity
of the Brewster-angle detector, characteristic of the quan-
tum well, is shown in Figure 3C. All spectra in Figure 3A-C
were taken for unpolarized incident radiation. The
responsivity spectra for etched and unetched detectors
exhibit envelopes analogous to the responsivity spectrum
of the quantum well, peaked at a similar wavelength. Thus
the maximum R of metasurface QWIPs is achieved when
the cavity resonance peaks are in agreement with the ISBT
responsivity peak of the quantum wells [3] as predicted.

However, the precise wavelengths at Ryeak for both
etched and unetched detectors are 7.0 pm instead of the
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Figure 2: Colorized scanning electron microscope (SEM) images of
A) etched and B) unetched detectors. Blue indicates the
semiconductor region, gold indicates metallic regions. Images
taken at 45° tilt angle.

predicted 6.7 um; metasurface QWIPs have slightly red-
shifted peaks compared with the original QWIP. Unex-
pected features can also be found in the peak height. The
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Rpeax of 2.5 A/W observed for an unetched stripe detector
(L =0.85 pm) at a peak position of 7.0 pm is 8% higher than
for any etched detector, with the closest value being 2.3 A/
W at 7.0 pm for an etched detector with L = 1.06 um (these
representative specifications are summarized in Table 1).

This result was surprising given the higher values of |EZ|2
calculated for the etched cavities, which should corre-
spond to greater absorption and responsivity. The lower
Rpeax for the etched detectors could indicate that some
expected absorption in the etched cavities is not occurring,
which is discussed in detail later.

Although we have been discussing their unpolarized R
for enabling comparison with conventional photodetec-
tors, stripe detectors still demonstrate strong polarization-
dependent behavior as theoretically expected. As seen in
Figure 3D, E, etched and unetched detectors selected for
maximum Rpeax (L = 1.06 pm and L = 0.85 pm, respectively)
have over one order of magnitude difference in polarized
responsivity respectively for ¢ = 0° (Ro-) and ¢ = 90° (Ryo-).

Because the shift in Rpeax Wavelength compared with
the original Brewster-angle detector (from 6.7 to 7.0 pum)
occurs for all the stripe cavities irrespective of the etching,
it may infer the presence of some changes in the quantum
wells during the wafer bonding and the stripe fabrication,
but before the final dry etching. This is discussed in more
detail later in this manuscript. Also, we note the peak bias
voltage (Vpear), the bias voltage that gives Rpeax, Was
roughly 0.05 V lower for unetched detectors (0.44 V) than
etched detectors (0.49 V, Table 1). The reason for this dif-
ference is not immediately apparent, but may arise from
the electrical resistance of the detectors. In the unetched
detectors, the current flowing between the Au stripes and

3.0 T T T 3.0 | T |
A — 0.85um B — 0.69 ym

25 —— 0.89 ym — 25+ —— 0.72 pm —
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> >
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Table 1: Detector properties for etched and unetched stripe detectors from Figures 3D, E, and wired patch antennas from Ref. [6]. Values taken

at conditions corresponding to Ryeak-

Rpeak (A/W) Vpeak M ID (A) 'BG (A) IP, BG (A) g DB(Cm Vv HZ/W) D;(;(cm Vv HZ/W)
Etched stripe 2.3 0.49 1.6 x 107 2.9x107 1.3x107 2.6 4.3 x 10" 3.3 x 10"
Unetched stripe 2.5 0.44 4.0 x 107 5.5x 107 1.5x 107 2.5 3.0 x 10% 2.7 x 10*
Etched patch 3.3 0.57 2.7 x107 4.8x107 2.1x107 2.3 5.2 x 10" 3.9 x 10"

the Au substrate can flow also through the unetched
semiconductor layers. This could reduce the resistance of
the detector with respect to other series resistance com-
ponents so that the same electrical potential is applied to
the quantum well at lower Veqk.

For infrared photodetectors, D*, not R, is the funda-
mental figure of merit. Although higher Rpeax was observed
for unetched detectors, we cannot conclude their superi-
ority to etched detectors until determining D* based on
other quantities. Before showing the definition of D*, we
would like to introduce photoconductive gain, which plays
an important role in determining D* and also in correlating
ISBT absorption and R. The photoconductive gain (g) is the
number of electrons circulating in a photoconductive de-
tector per photoexcited electron generated in the quantum
well [5, 7, 8]. Experimentally, we obtained g from dark
current noise spectral density (see Section 4, Table 1).
D*can then be expressed by

A
D = Ropa\|——,
S e

inrelation to Rpeax, &, and Ip, where A is the device area and
e is the electron charge. Because we discuss both Iy and Ig
in this manuscript, we consider both dark-current limited
detectivity Dy, and background limited detectivity D, [7,
8], where for Dy, I simply replaces Ip. Dy, gives a prac-
tical detectivity for real-world application where the de-
tector is exposed to environmental illumination.

Here we would like to discuss Ip, Ipg, and g. As seen in
Figure 4A and Table 1, I is significantly reduced for the
etched stripe detector compared to unetched detector in
agreement with Chen et al. [3]. Similar behavior can be
observed from I in Table 1. The background photocurrent
(I gc), the contribution of photoexcited carriers to the
background current Igg, expressed as the difference be-
tween I and Ip, for the etched detector (Ip g =1.3 x 107 A)
is slightly smaller than that for the unetched detector
(1.5 x 107 A), nearly consistent with the relationship of the
observed responsivity (Rpeax = 2.3 A/W vs. 2.5 A/W).
Figure 4B shows g as a function of bias voltage (Figure 4B).
Note that g at Vjeax is similar for both etched and unetched

€)

detectors (Table 1). Although g appears to be lower for the
unetched stripe detectors in the bias range (0.4-0.7 V) in
Figure 4B, the measurement accuracy of g is not neces-
sarily high (0.3-0.5). Based on g measured for various
etched, unetched, and Brewster-angle detectors [6], the
difference found in Figure 4B should be considered insig-
nificant, and we conclude that g is unique to the quantum
well. Since g is similar for both detectors, D* is greatly
influenced by the current term.

Due to the degraded R for etched detectors, a delicate
balance between reduced I and degraded R ultimately
determines D*. As is summarized in Table 1, the etched
stripe detector gives higher D* both for D}, and Dj;, due to
the reduced I, and Iz, demonstrating that the etched de-
tector is superior to unetched detector. Because Dy is
lower than Dy, for both detectors, they can be assumed to be
operating in a background-limited regime at 78 K, which
means that the I is sufficiently small at 78 K.

Quantitatively, Dy, for etched (3.3 x 10" cmvHz/W) and
unetched stripe detctors (2.7 x 10 cm+/Hz/W) are close to
the theoretical Dy for an ideal photoconductive detector
(~ 5 x 10° cm+V/Hz/W at 7 um) [1]. Conventional HgCdTe de-
tectors have nearly reached the theoretical limit. Therefore,
our etched stripe detectors are approaching the level of state-
of-the-art photodetectors at a similar wavelength range.

It is worth noticing that both stripe detectors show
lower D* values than the recently demonstrated wired
patch antennas (Dj; = 3.9 x 10" cmvHz/W) [6]. From Ta-
ble 1, first, low I, for etched patch antennas similar to
etched stripes is confirmed, indicating that etching reduces
Ipregardless of cavity shape. However, we can also see that
etched stripe detectors actually have lower I, (1.6 x 107 A)
than etched patch antennas (2.7 x 107 A) [6]. In contrast,
Rpeak Of the patch antennas (3.3 A/W) is almost 1.5 times
Rpeax Of the etched stripes (2.3 A/W), which compensates
for the higher In. When designing cavities for higher D*, the
balance between I, and R should be thus considered. The
increased R in the etched patch antennas arises directly
from the symmetry of the square patch design, as shown
from ¢-dependence measurements in Figure 4C. For both
stripe detectors, polarized peak responsivities steadily
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decrease with increasing ¢, following a characteristic cos’
¢ decay behavior previously observed in both stripe de-
tectors [4] and square patch antennas connected by
straight wires in stripe-like arrays [5]. In comparison, the
two-dimensional symmetry of the wired patch antennas
yields nearly constant R regardless of ¢, and thus a higher
unpolarized Rpeak. Note that the larger background
photocurrent (Ippg = 2.1 x 107 A) for the patch antennas
confirms the more efficient light absorption of the square
patch cavity shape.

The thin, etched wires used in the wired patch an-
tennas were also reported to introduce angular dispersion
[6] not found in the planar stripes or thin, unetched wires
[3]. Incidence angle (0) measurements taken by changing
the angle of incident radiation in the x—z plane of the de-
tectors are shown in Figure 4D (see schematic below
graph). The normalized unpolarized Rpeqx of both stripe
detectors shows a characteristic cos 0 decay with
increasing 0, indicating a large (~120°) detector field of
view. In contrast, the dispersive wires in the wired patch
antennas cause a more rapid Rpeax decay, corresponding
to a narrower (~60°) detector field of view which reduces
the sensitivity of the detector to unwanted background

schematic taken from Ref. [6], with patch
length L = 1.19 pm, P = 2.0 pm, and thin
Z-shape wires with width W =100 nm and
folding length S = 0.29 pm kand E indicate
the incidence direction and polarization of
incoming light.

radiation. Based on these results, we can see that a
polarization-independent cavity design, particularly an
etched structure, can offer improved Rpeak along with
reduced I and narrow fields of view. Because wired patch
dimensions can be tuned according to the desired reso-
nance wavelength, this design may be broadly applicable
across many wavelengths.

In this work, there have been several unexpected ob-
servations: peak shift from the original Brewster-angle
detector to the stripe detectors, and the inferior R of the
etched stripe detectors. To discern changes in device per-
formance originating from fabrication processes, experi-
mental results were quantitatively compared with the
simulations based on an exact model. The semiconductor
layer was rigorously modeled as a five-layer dielectric
structure made of a uniaxial quantum well, two barrier,
and two contact layers (Section 4) [6], and L values for
etched and unetched stripes were determined from SEM
measurement of the actual specimens. The uniaxial
dielectric function for the quantum well in this model was
determined based on fitting to the responsivity spectrum of
the Brewster-angle detector (Figure 3C). In comparison to
the authors’ previous report [6], the dielectric function used
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in this manuscript was improved to better match the ab-
sorption profile of the quantum well (Figure 5A). Because
ISBT absorption efficiency gives the generation probability
of a photoexcited electron by ISBT per incident photon, this
is equivalent to the internal quantum efficiency (IQE). We
can experimentally determine the IQE for x polarization of
our detectors from the measured R,- and g by the relation:

Ro () (h)

Ag e
where A, h, and c are wavelength, Planck’s constant, and
the speed of light, respectively.

We compare experimental IQE (solid lines) to the
calculated ISBT absorption efficiencies (dashed lines) in
Figure 5C, D. For easy comparison, we compare not the
individual detectors, but the envelopes described by the
profiles of the experimental and simulated spectra. The
maxima of the experimental and simulated envelopes are
indicated by horizontal black dotted lines. Differences in
the peak height of each envelope are pronounced. We start
with the unetched stripes (Figure 5D), in which etching
effects do not appear. The maximum experimental IQE is
29% higher than the calculated absorption. Observing
higher efficiency than calculated prediction is somewhat
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unusual and the underestimation of detector absorption
suggests some change in the dielectric function of the
quantum well. The Brewster-angle detector whose spec-
trum served as the basis for the dielectric function in this
manuscript was fabricated while the quantum well was
still on the initial lattice-matched GaAs substrate. In com-
parison, the quantum well in the stripe detectors has been
transferred to an Au substrate, released from its original
substrate, and sandwiched between the Au substrate and
Au stripes. Any change in the strain state of the quantum
well could change its optical properties. However, deeper
discussion about the change in the quantum well proper-
ties is beyond the scope of this work.

The processing described above also occurs for the
quantum well used for the etched stripe detector, so we
would expect to see the same relation between IQE and the
calculated absorption. As seen in Figure 5C, D, calculation
(dashed lines) predicts higher absorption for etched stripes
compared to unetched stripes, as has been shown by the
simplified model (Figure 1D). Based on the above discus-
sion assuming the change in the quantum well properties,
much higher IQE is expected. Instead, the maximum
experimental IQE for the etched stripes is 8% lower than
calculation (Figure 5C), suggesting a large reduction in
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Figure 5: Experimentalinternal quantum efficiency (IQE) and simulated absorption efficiency in the stripe detectors (x-polarized). A) Brewster-
angle detector experimental IQE and fit used to calculate the dielectric function for the quantum well. B) The illumination scheme shows
incident light (k) and polarization (x) for all figures. Experimental IQE and simulated light absorption for C) unetched and D) etched cavities. The
horizontal black dotted lines correspond to the maximum absorption in the experimental and simulated spectra.
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absorption in our etched detectors. It is reasonable to as-
sume that reduced IQE is a consequence of the etching, the
only different process step during fabrication. Dry etching
will lead to several changes in the semiconductor in the
cavity, such as the formation of new GaAs/air and AlGaAs/
air interfaces at the sidewalls. These are known to induce
Fermi-level pinning and form depletion layers at the sur-
faces [28], which do not contribute to absorption. Damages
due to the dry etching and oxidation could further com-
pound this effect through trapping the electrons. Because

|EZ|2 is greatest near the cavity sidewall surfaces (See
Figure 1D), depletion near the sidewalls could strongly
degrade the responsivity.

Because QWIPs are unipolar devices, surface passiv-
ation and prevention of oxidation have typically been
considered unnecessary [26]. However, the observed
drastic decrease in the responsivity only for etched de-
tectors suggests the etched surfaces are limiting device
performance. Because etched metasurface QWIPs have a
large surface area and absorption is strongest near the
sidewall surfaces, the effects of etching should be consid-
ered in future designs. Simulations for predicting device
performance should also consider these effects, as
assuming pristine sidewalls may lead to significant
overestimations.

Despite the reduced absorption, our etched stripe
detectors still have higher D* than unetched stripe
detectors, and etched patch structures have the highest
D* in this study. Thus the benefits of I reduction from
dry etching still outweigh the reduced R in the cav-
ities. Promisingly, these results suggest that further
improvement in the absorption, R, and D* of etched met-
asurface QWIPs could be realized with appropriate side-
wall surface treatments such as passivation or wet etching
of damaged layers [29-32].

3 Conclusion

In summary, we have used a simple stripe cavity design to
illustrate the fundamental features that lead to optimized
device performance in metasurface QWIPs. Etching of
exposed semiconductor material increases the magni-
tude of the electric field within the plasmon cavity due to
the larger impedance mismatch between the cavity and
the surrounding ambient. While this should promote
stronger ISBT absorption, and greater R than in unetched
cavities, experimental results showed that unetched
cavities actually had slightly higher Ryeax values. How-
ever, because dry etching strongly reduces Iy in the
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QWIPs, etched stripe detectors demonstrate higher Dy
(both Dy, and D).

Detailed comparison of calculated absorption and
experimental IQE in the quantum wells suggests that
etched detectors suffer reduced absorption due to etching
effects on the semiconductor at the cavity sidewalls.
Nevertheless, etched structures show superior perfor-
mance, which could be further improved with appropriate
surface treatments. Through these experiments, we have
clearly demonstrated how the shape and processing of
different cavity morphologies drives metasurface QWIP
performance. These results should be widely applicable for
the design and fabrication of future metasurface QWIPs.

4 Methods

4.1 Quantum well design and fabrication

The QWIP structure was grown on n-GaAs (100) substrates (Si density:
1 x 10® cm™) using a solid-source molecular beam epitaxy system.
After the growth of a GaAs buffer layer, sacrificial (etch stop) layers of
Al 9Gag,As (thickness: 900 nm, Si density: 5 x 10" cm”) and
Al 55Gag 45As (100 nm, 5 x 107 cm ™) were grown. Then, an initial-side
contact layer with a total thickness of 48 nm [20], consisting of a highly
Si-doped GaAs layer (28 nm, 1.25 x 10” cm™), a n-GaAs (15 nm,
3x10* cm™), and a nondoped GaAs layer (5 nm), was grown. The main
part of the QWIP is made of an Al 5Ga, ;As barrier (50 nm), an n-GaAs
quantum well (4 nm, 3 x 10" cm™, except for the final 0.85 nm), and an
Aly5Gag 7As barrier (50 nm). Finally, a 48-nm-thick end-side contact
layer comprising a n-GaAs (20 nm, 3 x 10*® cm~) and a highly Si-doped
GaAs layer (28 nm, 1.25 x 10” cm™) was grown. To form the highly Si-
doped GaAs layers, the growth of n-GaAs (28 nm, 5 x 10® cm”) was
interrupted and seven §-doping layers of Si (3 x 10" cm ) with a period
of 4 nm were inserted. The layers from the initial-side contact to the
end-side contact conform the QWIP layer to a total thickness of
T = 200 nm. For this QWIP layer, the growth temperature was kept at
relatively low 530 °C, which is important for realizing nonalloyed
ohmic contact to the initial side.

4.2 Design, fabrication, and charcterization of
Brewster-angle detectors

The intrinsic properties of the QWIP layer were evaluated by a
Brewster-angle incidence detector which was fabricated from a small
piece of the initial wafer. The Brewster-angle configuration exhibits a
lower responsivity than the widely used back-illumination through a
45° facet, but its fabrication is easier. A Ti (bottom)/Au (top) electrode
with a 100 x 400 pm aperture was patterned on top of a mesa defined
by a H,S0,4;H,0,:H,0 solution (1:8:1,000). For ohmic contact to the
substrate side, an electrode made of Ni, AuGe, Ni, and Au was
patterned on a wet-etched substrate surface and annealed at 420 °C for
90 s. Although the exact Brewster angle 05 is 73°, the detector was set
at B exp = 65° in the actual experiment due to the constraints of the
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optical setup. This actual value was used in the calculation. This de-
tector has sensitivity only for p-polarized incidence.

Because the quantum well was fabricated on a highly doped
substrate, the measurement of the absorption spectrum by trans-
mission was difficult. Therefore, the absorption spectrum was ob-
tained from the responsivity spectrum of the Brewster-angle
detector and the value of g (= 3.0) obtained from the noise
measurement.

4.3 Fabrication of stripe detectors

The QWIP layer was coated with 3 nm-thick Ti and 150 nm-thick Au
layers and bonded with another n-GaAs substrate coated with 10 nm-
thick Ti and 500 nm-thick Au layers at a pressure of 5 MPa and a
temperature of 250 °C for 60 min in N, atmosphere [33]. After me-
chanical polishing, the original GaAs substrate was chemically etched
by acitric acid (1 g/mL):H,0, solution (10:1) at 38 °C [34]. By etching the
etch-stop AlGaAs layers using HF, the 200 nm-thick epitaxial QWIP
layer was transferred onto an Au substrate.

Etched stripe detectors were fabricated on the transferred QWIP
layer by electron-beam drawing and lift-off of 3 nm-thick Ti and
150 nm-thick Au top layers. Then, the specimen was coated with a
100 nm-thick SiO, film for electrical isolation. Windows of the SiO,
layer were opened by dry etching using SF¢ around the detector areas.
After patterning the electrode pads made of 3 nm-thick Ti and 150 nm-
thick Au layers, so that one side can overlap with the edges of the
stripe detector areas, the QWIP layers not covered by the upper Au
stripes were vertically dry etched by inductively coupled plasma
etching using Cl, and N, for etched detectors. The resultant Au layer
after the dry etching was approximately 100 nm in thickness. For
unetched detectors, the initial Au layer thickness was 100 nm, and no
Cl, and N, etching of the semiconductor areas between the Au stripes
was performed. For the patterning of the unetched stripe cavities, a
laser-beam drawing method was used. Each detector is a 100 pum
square and contains 41 stripes.

Note that for this QWIP layer, resistance across the semi-
conductor layers is dominated by the Al 3Ga, ;As barrier layers. Based
on experimentally measured conductivity and mobility measurements
[6], we can estimate that resistance in the barrier layers is several
orders of magnitude larger than the GaAs contact layers and that the
GaAs contact layers can be treated as perfect conductors. Therefore we
can assume that any applied bias field across the detector is uniform
across the entire area.

For efficient systematic evaluation, seven such detectors with
different parameters were integrated on a chip and assembled on an
8-pin ceramic package. Another pin is for the common ground. The
signals were extracted by bonding an Au wire at the root of each Au
electrode.

4.4 Measurement of dimensions

Widths of the stripes L for the simulations were determined from
SEM measurement. Because the period P is accurately defined by
laser interferometry in the electron-beam drawing, L values were
calibrated by the P values. In Figure 5C, D, there is a small peak
discrepancy when comparing experimental and simulated curves
for the same L value for both etched and unetched stripe detectors.
These could be due to the distribution of the L values because their
exact determination is not necessarily easy due to the tapered
sidewalls of the stripes.
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4.5 Measurement of optical properties

The detector was installed in a liquid-N, cryostat with ZnSe windows,
and the responsivity spectra were measured with a FTIR spectrometer
(JASCO, FT/IR-6200). The current from the detector was amplified (NF,
CA5350) and fed into an external port of the FTIR. The spectral
responsivity was quantified based on a calibrated HgCdTe detector. No
corrections other than the detector areas were applied to the R values.
The incident light from the FTIR was unpolarized. When necessary, a
wire-grid polarizer was placed in the light path. The specimen in the
cryostat was made to rotate around its vertical axis so that the
incidence-angle dependence could be evaluated.

4.6 Measurement of electrical properties

To measure the dark current I, the detector was covered by a cold
shield with a blackbody coating cooled at the same temperature as the
detector (78 K). While a finite amount of blackbody radiation is emitted
from the shield, it is sufficiently small. We can consider current
measured under these conditions to be inherent to the detector. When
the cold shield is removed, a background light at 298 K is incident on the
detector from an area with an effective field of view of 102°. The current—
voltage relationship was measured with a source meter (Keithley,
2635B).

The value of gain g was determined from I, and noise spectral
density i,/Af"* (Af: bandwidth) measured by a fast Fourier transform
analyzer (Ono Sokki, CF-4700), by the relationship i,/Af" = (4eglp)".
The value at 1 kHz was used [35].

4.7 Electromagnetic simulation and design of stripe
detectors

For the rigorous analysis shown in Figure 5, and the Fresnel equations
for the Brewster-angle detector, where an accurate vertical electric
field at the quantum well layer is necessary for obtaining R, the QWIP
layer was treated as a wavelength-dependent five-layer multilayer.
The quantum well was assumed as a uniaxial material with ISBT ab-
sorption in the vertical direction and free-carrier absorption in the
lateral directions.

The wavelength-dependent refractive indices of the nondoped
GaAs and Al 5Ga,g ;As were based on Palik [36]. To express the free-
carrier absorption, a Drude term -w,’/(w’ + iyw) was added, where w,,
and 1/y are the plasma frequency and relaxation time, respectively
[37], both of which are specified by the carrier density, N, and mobility,
U, respectively [19]. The contact layer was regarded as an isotropic
Drude material corresponding to experimentally obtained
N=4.7x10" cm”and p = 1500 cm’/(Vs). For the lateral directions of the
quantum well layer, a Drude term corresponding to the experimental
N=2.4x10"cm”and p = 2000 cm’/(Vs) was considered. In the vertical
direction of the quantum well layer, the ISBT absorption was
described with a three-term Lorentzian model [13], considering the
term —Qy,/(w™-Q + iTjw) (=1, 2, and 3). We set (Qy, T3, Qpy) = (158, 30,
304), (Qy, Ty, Qo) = (236, 39, 114), and (Q3, T3, Q) = (279, 73, 124) in
meV. These values were obtained initially by Fermi’s golden rule [19]
and then by making a small correction to j = 1, so that the values
yielded consistent results with the experimental R of the Brewster-
angle detector (see Figure 5A).
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