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Abstract: We report resonant-cavity infrared detectors with 34% external quantum efficiency 
at room temperature at the resonant wavelength of 4.0 μm, even though the absorber consists 
of only five quantum wells with a total thickness of 50 nm. The full width at half maximum 
(FWHM) linewidth is 46 nm, and the peak absorption is enhanced by nearly a factor of 30 
over that for a single pass through the absorber. In spite of an unfavorable Shockley-Read 
lifetime in the current material, the dark current density is at the level of state-of-the-art 
HgCdTe detectors as quantified by “Rule 07.” The Johnson-noise limited detectivity (D*) at 
21°C is 7 × 109 cm Hz½/W. We expect that future improvements in the device design and 
material quality will lead to higher quantum efficiency, as well as a significant reduction of 
the dark current density consistent with the very thin absorber. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

In a broadband infrared (IR) photodetector, the incident light generates electron-hole pairs by 
making at most two passes through the absorber. Since the absorption coefficient in a typical 
midwave-IR (MWIR) material is α = 2000-4000 cm−1 at 80% of the bandgap wavelength, the 
absorber must be at least 3-4 μm thick to produce an internal quantum efficiency > 70%. 
Since the dark current scales with absorber thickness (if the device is diffusion limited), 
increasing the thickness to improve the efficiency comes at a cost of higher noise [1,2]. 
Historically, the lowest dark current densities for MWIR detection have been achieved by 
bulk HgCdTe photodiodes [3,4], although recently type-II Ga-free III-V superlattices have 
approached the typical performance levels of HgCdTe [5,6]. 

However, the close relation between absorber thickness and quantum efficiency is broken 
if the effective optical path length in the absorber can be increased without making it thicker. 
One possibility is to diffract the incident light into in-plane-propagating modes, e.g., 
associated with surface plasmon polaritons supported by a metal film [7,8]. Another is to 
place the absorber in a resonant cavity that provides multiple passes of the incident light [9]. 
The resulting resonant cavity infrared detector (RCID) can attain high external quantum 
efficiency (EQE) at the expense of broadband spectral response. If the RCID is used to sense 
light from a narrowband source, such as a laser, or when a limited spectral bandwidth is 
desired as in multispectral or hyperspectral imaging, the sharp spectral response at the 
resonance wavelength λres is advantageous because it suppresses background photocurrents at 
unwanted wavelengths outside the narrow band of interest. The RCID structure may also be 
beneficial in materials with minority-carrier diffusion length much shorter than the absorption 
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depth, due to very low mobility or very short lifetime, by significantly shortening the distance 
over which the photogenerated carriers must be collected. 

The RCID concept has been studied extensively at shorter wavelengths [9–12], where 
resonant cavity photodiodes with enhanced frequency response are relatively mature. 
However, of the MWIR lead-salt or III-V RCIDs reported to date, only one achieved a 
substantial reduction of the dark current noise combined with high peak quantum efficiency 
[13–17], and most did not operate at room temperature. The single recent exception was an 
RCID with 100-nm-thick bulk InAs absorber and resonant wavelength of 2.91 µm [18], for 
which the resonance enhancement factor and D* were not presented. Here we report an RCID 
operating at λres = 4.0 μm that is designed in accordance with [19]. The entire Ga-free 
absorber comprises only five type-II “W” quantum wells (QWs) with total thickness 50 nm. 
An EQE of 34% is obtained with dark current density roughly at the level of “Rule 07” [20], 
and there is a clear path toward substantial further improvements. Section 2 discusses the 
RCID design, Section 3 the epitaxial growth and fabrication, and Section 4 the experimental 
results. Section 5 then offers some conclusions. 

2. Design 

The key RCID design parameters are the reflectivities of the two mirrors, R1 and R2, and the 
length of the optical cavity L. Assuming weak absorption for a single pass through the 
absorber with thickness d (i.e., αd << 1), the internal quantum efficiency at the cavity’s 
resonant wavelength is [9]: 
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Here 0 < S < 2 is the antinode enhancement factor that depends on the overlap of the cavity 
field and absorber and attains its maximum value when an absorber with d → 0 is placed 
exactly at the antinode of the field. The present devices employ a 50-nm-thick absorber with 
five QWs, for which αd ≈1.5%. Precise placement of this thin absorber within the cavity 
should lead to S ≈1.99. 

Since any light escaping from the back mirror cannot be absorbed, its reflectivity is 
preferably as high as possible. Whatever its value, the efficiency ηmax reaches its maximum 
when R1 ≈R2. Since the detector also requires a metal contact, it is natural to consider using 
the contact as a metallic reflector. However, typical contact adhesion layers such as Ti induce 
a relatively high loss that significantly lowers the reflectivity compared to pure Au or Ag. 
Therefore, the back mirror employed in the present work consists of an optically thick layer 
of Ag, followed by Au without any additional adhesion layers. This mirror has an estimated 
reflectivity R2 ≈96% for light incident from the semiconductor. The optical field has a node 
near the Ag/semiconductor interface. 

Since the front mirror must be positioned between the absorber and the GaSb substrate, it 
requires the epitaxial growth of a Bragg reflector. This can be challenging, as will be 
discussed below. The design of the front mirror also affects the spectral bandwidth of the 
resonance, which narrows dramatically if both reflectivities are high. In general, the full width 
at half maximum (FWHM) is [9]: 
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where the free spectral range FSR = λ2
res/[2neff(L + Leff,1 + Leff,2)], neff is the effective refractive 

index of the resonant optical mode, and Leff,1, Leff,2 are penetration depths into the two mirrors 
[21]. When R2 ≈1 and neglecting the absorption, Eq. (2) becomes approximately: 
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The optical field has a node close to the interface between the lower-index semiconductor that 
forms most of the cavity (in our devices, the photodiode consisting of the absorber QWs and 
the associated n-type and p-type regions) and the first high-index layer of the mirror (GaSb). 

Based on these considerations, the absorber should be placed at a distance of (2m + 
1)λres/(4neff), where m = 0,1,2…, from the metal mirror (including the penetration depth into 
the metal). Since λres/(4neff) < 300 nm (for m = 0) is too thin to include the entire p side of the 
device, we chose a distance of 3λres/(4neff) (m = 1) to keep the cavity length at ≈2λres/neff, with 
a free spectral range of ≈620 nm. For example, 1R  in the 70-90% range leads to a linewidth 

ΔλFWHM of several tens of nm. The present Bragg mirror is 7 periods of a GaSb/AlAs0.08Sb0.92 
quarter-wavelength stack, with an estimated R1 ≈74%. Using these reflectivities in Eqs. (1) 
and (2), we expect ηmax ≈52% and ΔλFWHM = 40 nm. All of these calculations assume normal 
incidence and the presence of a perfect anti-reflection (AR) coating on the substrate surface 
that the light sees before entering the cavity of the RCID. At larger angles, there is a blue shift 
of the resonant wavelength, which results in additional broadening and a gradual reduction of 
the peak EQE. Figure 1 schematically illustrates the entire device structure. 

 

Fig. 1. Schematic of the RCID layer structure and the patterned device geometry. 

Figure 2 shows the photodiode heterostructure that fits within the RCID cavity. Starting 
from the top p side of the p-n junction, there is a 20-nm-thick heavily-doped GaSb contact 
layer, followed by a p-type Al0.5Ga0.5As0.04Sb0.96 layer lattice matched to GaSb. This p-region 
with thickness ≈500 nm also serves as a spacer layer whose precise thickness is varied to 
adjust the cavity length and position of the optical antinode. Below that is a 200-nm-thick 
undoped AlGaAsSb layer that forms the device’s depletion region, where most of the applied 
bias drops. The limited penetration of the applied field into the absorber allows the device to 
remain diffusion limited to lower operating temperatures. Below the undoped AlGaAsSb 
layer is the 5-period 30 Å InAs/20 Å InAs0.5Sb0.5/30 Å InAs/20 Å AlSb “W” QW absorber, 
which is designed for a bandgap wavelength of 4.5 μm. The total absorber thickness of only 
50 nm is far smaller than the several µm typically required to obtain high quantum efficiency 
in the MWIR. The absorber is not intentionally doped, which for similar Ga-free structures 
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leads to electron densities between 1015 and 1016 cm−3. The absorber is grown on top of a 600-
nm-thick wider-gap (Eg = 0.47 eV) 26.4 Å InAs/7 Å InAs0.5Sb0.5/26.4 Å InAs/10 Å AlSb “W” 
superlattice with n-type doping graded from 5 × 1016 cm−3 to 3 × 1018 cm−3. Next is the 300-
nm-thick heavily n-doped InAs0.92Sb0.08 contact layer, which is placed at a node of the optical 
field to minimize free-carrier absorption loss. This is followed by a Ga-free “W” QW spacer 
layer, which like the top p-region has variable thickness to allow adjustment of the cavity 
thickness and placement of the absorber at the optical antinode. Finally, below this is the 7-
period GaSb/AlAsSb Bragg mirror. 

 

Fig. 2. (a) Band diagram of the RCID structure near the absorber layer, at a bias of −50 mV, 
(b) Flat-band profiles for the n-region, absorber, and p-region of the Ga-free photodiode. For 
simplicity the figure shows only two type-II “W” absorber QWs, whereas the grown structure 
contains 5 QWs with net thickness 50 nm. 

3. Growth and fabrication 

The RCID structure described above was grown on a lightly n-doped (nearly transparent in 
the MWIR) GaSb substrate in a Riber Compact 21T molecular beam epitaxy (MBE) system. 
Removal of the oxide and the buffer layer growth was similar to the procedures described 
previously [22]. The bottom GaSb/AlAsSb mirror was grown using parameters similar to 
those in [23]. The core region of the RCID structure including the Ga-free “W” SLs and the 
AlGaAsSb random alloy layers were grown at a lower temperature than the mirror layers 
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(~420 °C). The 7-period GaSb/AlAs0.08Sb0.92 Bragg mirror stack was grown with the GaSb 
doped light n-type, in order to reduce free-carrier absorption by the background holes that 
would otherwise be present, while the AlAsSb was not intentionally doped. As described for 
the previous growth of a GaSb/AlAsSb Bragg mirror for an MWIR interband cascade vertical 
cavity surface-emitting laser (ICVCSEL) [23], it was necessary to monitor the deposition by 
optical feedback, to assure sufficient control over the layer thicknesses for maximum 
reflectivity. In order to calibrate the optical properties of the Bragg mirror, test samples with 5 
mirror periods were grown. Adjustments of the growth rate were made to optimize the 
position of the reflectivity peak, as shown in Fig. 3. We then grew two full device wafers with 
mirrors (RCIDs I and II) and the same active QW designs, but with slightly adjusted top and 
bottom spacer thicknesses in the second growth to fine-tune the resonance wavelength. 
Because these structures were grown shortly after the MBE system was vented for 
maintenance, the material quality of RCID II improved substantially (as will be seen from the 
dark current data presented below). Test detector wafers with the same absorber and 
photodiode configuration but no Bragg mirror were also grown (before the vent) for 
comparison to the RCIDs. Photoluminescence (PL) measurements were performed on 
separately grown samples with much thicker (0.5 μm) absorbers. The integrated PL intensity 
also improved between the first and second RCID growths, although it remained slightly 
below the best results for test structures grown before the vent. From measurements of the 
roll-off in optical response with modulation frequency when pumped with a 1064 nm laser, 
one of the PL structures was determined to have a minority-carrier lifetime of 50 ns at low 
photoexcited carrier densities. 
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Fig. 3. Experimental reflectance from two 5-period AlAsSb/GaSb Bragg mirrors grown on 
GaSb substrates. The layer-thickness information deduced from the first growth was used to 
center the reflectivity of the second mirror at 4.0 μm. 

Optical lithography with a two-step wet etch were used to process the devices into circular 
mesas. First, shallow mesas with diameters of 200, 400, 600 and 800 μm were etched down to 
just below the p-doped AlGaAsSb layer, using an HCl-based etchant. These were then 
centered on a larger mesa defined by a deep etch that extended all the way to the InAsSb n-
contact layer, leaving a 30 μm-wide annular “shoulder” around the base of the inner mesa. 
The deep etch used an HCl-based etchant followed by an H3PO4-based etchant. The stepped 
mesa structure suppresses sidewall leakage across the narrow-gap absorber, by introducing a 
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lateral separation between the sidewalls of the heavily doped p-contact and the n-type 
absorber [24]. This was followed by deposition of a 200-nm-thick Ag mirror and a 300-nm-
thick Au contact on the top epitaxial surface of the device. The test bar was mounted 
epitaxial-side-down and illuminated through the substrate. For some of the measurements, an 
anti-reflection (AR) coating of alumina was also applied to the substrate surface. 

4. Results 

Figure 4 shows the dark current-voltage (J-V) characteristics at room temperature for 800-
μm-diameter mesas processed from the two RCID wafers. Results are also shown for a test 
structure with the same 5-QW absorber, but no bottom mirror to form a cavity. In reverse 
bias, the dark current density for RCID II is substantially lower, which is consistent with the 
expectation of higher minority carrier lifetime based on the higher PL intensity. At an applied 
bias of −60 mV, the dark current densities are 37 mA/cm2 for RCID II and 26 mA/cm2 for the 
test structure. The dark J-V characteristics for mesas with different areas are nearly identical, 
indicating negligible sidewall leakage. 

 

Fig. 4. Dark current density vs. voltage at T = 21 °C for 800-μm-diameter mesas fabricated 
from both RCID structures, as well as a test structure with no resonant cavity. 

Figure 5 shows the dependence of dark current density on temperature for RCID II at a 
fixed bias of −50 mV. The transport is diffusion limited at T > 200 K, with an activation 
energy of 293 meV that is close to the low-temperature energy gap. At lower temperatures, 
generation-recombination (G-R) processes, presumably associated with traps in the absorber, 
come to dominate. The activation energy then drops significantly, to 138 meV. At room 
temperature, where the diffusion contribution dominates, the J-V characteristics are quite 
consistent from device to device. For example, the dark current densities for 55 devices with 
all four mesa diameters from the RCID II wafer differ by less than 20% at the operating 
voltage of −60 mV, with only 4 outliers. However, at 100 K the G-R-dominated dark currents 
vary much more significantly, with the currents for 48 devices spanning roughly an order of 
magnitude (with 11 outliers). At 100 K the variation also tends to become greater with 
decreasing mesa diameter, possibly owing to a non-uniform distribution of traps in the 
sample. 

When the dark current density for an RCID II device is compared at T = 200 K to 
simulation results from the NRL MULTIBANDS drift-diffusion solver [25], the fit implies a 
lifetime of ≈10 ns. This is much lower than the lifetimes of up to 2.3 μs that have been 
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reported for state-of-the-art Ga-free detector structures with even narrower energy gaps at the 
same temperature [6]. The large difference indicates considerable room for improvement in 
the present RCID performance. The dark current density at room temperature is close to the 
value expected from “Rule 07” [20], but should be much lower because of the very thin 
absorber. 

 

Fig. 5. Dark current density for RCID II as a function of operating temperature at a fixed bias 
voltage of −50 mV. Also shown are fits to the data above and below 200 K, which yield the 
indicated activation energies,. 

EQEs as a function of wavelength were determined from two measurements. Initially, the 
relative spectral response was measured with a 1000°C blackbody sourced through a 
monochromator with 5 nm resolution. The spectral throughput of the monochromator and 
optics was calibrated using a 5-mm-diameter Gooch and Housego thermal detector with 
nearly flat spectral response from 1 to 14 μm. While this was adequate to measure the relative 
EQE normalized to unity at the maximum value, uncertainties in the spot size prevented 
accurate quantification of the power delivered to the 800 μm diameter device. Next, the 
photocurrent was measured for a known spectral flux density within a bandwidth containing 
the peak spectral response. For this measurement, a 1050 °C blackbody was imaged to a 250-
μm-diameter spot directly on to the device after passing through a series of filters: a narrow 
band-pass filter with 150 nm FWHM centered at 4.0 μm, a 2.59 μm long-pass filter, and 5.0 
μm short-pass filter. The latter two filtered extraneous transmission of the narrow band-pass 
filter that may otherwise have affected both the device response and the power calibration. 
Finally, the scaling factor for the EQE was determined to be consistent with the photocurrent 
measured for the fixed spectral bandwidth. Figure 6 shows the EQE spectra for RCIDs I and 
II at 21 °C and an operating bias of −60 mV. Both devices display strong, narrow resonances, 
although only RCID II is centered at the Bragg mirror reflectance peak near 4.0 μm. Since the 
semiconductor mirror employed in this work has a limited bandwidth of ≈400 nm, fringes 
beyond the stop band are also observed. In particular, RCID II displays a long-wavelength 
feature near the apparent energy gap corresponding to λ = 4.6 μm, which is 100 nm longer 
than the design value at room temperature. Measurements of the spectrum for RCID II as a 
function of temperature show that the peak EQE increases slightly at 200 K, but then 
decreases at 100 K as the resonance wavelength approaches the band edge. This catchup 
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occurs because the blue shift of the bandgap is more rapid than the blue shift of the resonance 
wavelength governed by the refractive index. 

 

Fig. 6. External quantum efficiency spectra at T = 21 °C for both RCIDs with mesa diameters 
of 800 μm without AR coatings, at the same applied bias of −60 mV. 

For a second round of measurements on RCID II, an AR coating consisting of a single 
layer of alumina was deposited on the substrate side to increase the EQE. Figure 7 shows the 
resulting spectrum over a narrower range of wavelengths near the resonance. The peak’s 
FWHM is 46 nm, which nearly matches the value calculated in Section 2 when off-normal 
broadening and the angular field of view of 14° due to the f/2 optics are taken into account. 
We estimate that the maximum EQE of 34% would increase to 38% if all the incident light 
were collimated at zero angle. However, even with that correction the result is significantly 
smaller than the value 52% that was estimated from theory in Section 2. Since the resonance 
width is close to the expected value, a potential source of the discrepancy is imperfect 
placement of the absorber with respect to the cavity antinode, such that the antinode 
enhancement factor decreases to S  ≈1.45. However, that would require either the distance to 
the metal mirror or the average index to differ from the simulated values by ≈10%, which 
appears much larger than estimated uncertainties. Further work is needed to fully reconcile 
the measured values with theoretical estimates. 

For comparison, Fig. 7 also shows the EQE spectrum for the test structure that was grown 
without a Bragg mirror that could form a resonant cavity. Even though a metal mirror was 
present, the distance to the mirror was chosen so that it provided almost no net interference-
related enhancement or suppression of the EQE at normal incidence. The value near 4.0 µm is 
0.9%, and the non-resonant variation with wavelength is of course quite gradual. Comparing 
this result to the RCID value of 26% without an AR coating indicates that the resonance 
enhancement factor is nearly a factor of 30. When the QE of 34% realized with an AR coating 
is combined with the result R0A = 0.68 Ω cm2 from the J-V characteristics, we obtain a peak 
detectivity at T = 21 °C of D* = 7 × 109 cm Hz½/W in the limit of zero field of view. By 
comparison, the best previously reported result for an MWIR RCID operating at room 
temperature was 7.2 × 108 cm Hz½/W, for a PbTe-based device with λres = 3.5 µm [17]. 
Commercially available photovoltaic detectors with similar cut-off wavelengths have D* 
values in the low-to-mid 109 cm Hz½/W range [26], and D* = 1 × 109 cm Hz½/W was recently 
demonstrated for an interband cascade photodetector with a cut-off wavelength of 4.3 μm at 
room temperature [27]. 
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Fig. 7. Quantum efficiency spectra at T = 21 °C for RCID II at an applied bias of −60 mV, 
before and after an AR coating was deposited on the substrate side. These results are compared 
to the non-resonant spectrum for a test structure with the same absorber but no cavity (no AR 
coating). 

Figure 8 plots the peak EQEs as a function of reverse bias voltage for devices from all 
three RCID wafers and the test structure. We find that in all cases a reverse bias of −60 mV is 
sufficient to bring the peak EQE to within a few percent of its maximum value. This confirms 
that the diode heterostructure illustrated in Fig. 2 does not impose any significant barriers to 
the transport and collection of minority carriers. Temperature-dependent measurements 
confirm that the required bias voltage remains small down to 100 K. 

 

Fig. 8. Dependences of the peak quantum efficiencies on applied bias for devices from both 
RCID wafers and the test structure. 

We see from Figs. 6 and 8 that the resonance enhancement factor, the resonance 
linewidth, and the dependence of EQE on bias voltage are quite similar for devices processed 
from both RCID wafers. The only significant difference in performance is the substantial 
reduction of dark current density that occurred with each successive growth (Fig. 4). This 
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may be attributed to a progressive improvement of the grown material quality with time 
following a vent. 

5. Conclusion 

We have demonstrated a resonant cavity infrared photodetector with only 5 absorbing 
quantum wells that displays a peak quantum efficiency of 34% in a narrow resonance 
(FWHM = 46 nm) centered at λres = 4.0 μm. With a resonance enhancement of the external 
quantum efficiency by nearly a factor of 30, the resulting D* of 7 × 109 cm Hz½/W exceeds 
all previously reported results for MWIR RCIDs operating at room temperature by at least an 
order of magnitude. This is the first unequivocal demonstration that multiple passes through a 
very thin absorber can provide high EQE combined with low dark current density in the 
MWIR. 

We determined that the minority-carrier lifetimes in the absorbing QWs of our present 
materials is two orders of magnitude shorter than the state-of-the-art values reported for 
MWIR Ga-free superlattices. This implies that the RCID performance has substantial room 
for further improvement once thin absorbers with longer lifetimes are inserted into similar 
resonant cavities. Additional improvements may result from: (1) positioning the absorber 
more precisely at the antinode of the cavity optical field; (2) further increasing the EQE 
enhancement at the expense of narrowing the resonance linewidth by adding more periods (> 
7) to the Bragg mirror in order to increase its reflectivity; (3) decreasing the number of 
absorbing quantum wells (to < 5), so as to decrease the dark current density; and (4) 
increasing the bandgap in the absorber by several hundred nm, which will reduce the dark 
current with little change in the EQE since the present RCID II device operates at 600resλ ≈  

nm shorter than the bandgap wavelength of ≈4.6 µm. If the minority-carrier lifetime can be 
improved by two orders of magnitude, we expect an order of magnitude increase in D* due to 
that mechanism alone. If a narrower linewidth can be tolerated, D* may improve by an 
additional factor of 2, provided only one absorbing well is used in combination with a higher-
reflectivity Bragg mirror. The other suggested modifications may contribute more modest, but 
non-negligible D* increases. 

The RCID approach can also be extended to the LWIR spectral band, using similar Ga-
free materials based on InAs/InAsSb superlattices and quantum wells in a photodiode or nBn 
configuration. A further advantage of the RCID configuration is that the extreme thinness of 
the absorber opens the design space beyond what is normally available to a thicker structure, 
e.g., by placing the QWs entirely within the depletion region of a p-n junction or imposing 
much higher strain without exceeding the critical thickness [19]. 
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