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ARTICLE INFO ABSTRACT

High-speed mid-wave infrared (MWIR) detectors are of significant interest for a wide range of applications in
communication and spectroscopy. High-speed photodetection is conventionally achieved using reverse biased
semiconductor p-i-n junction devices. However, implementing such structures in the mid-infrared (mid-IR) is
challenging due to both the limited available material platforms and challenges associated with device design.
Here we demonstrate a high-speed MWIR detector architecture that uses a microwave resonator circuit loaded
with a photoconductive indium antimonide (InSb) pixel, originally grown highly lattice-mismatched on a GaAs
substrate. Time domain measurements demonstrate sub-nanosecond detector response at temperatures from
77 K to room temperature. Frequency response measurements demonstrate that optical signals modulated at
frequencies as high as 2 GHz can be well resolved up to room temperature. Time domain circuit simulations
support the experimentally measured short minority carrier lifetimes in the InSb pixel, while also suggesting a
circuit time constant of ~200 ps, which is ultimately the limiting factor for the bandwidth of the presented
detector architecture. Our results provide an alternative approach for the development of contact-free, high-
speed infrared detectors capable of directly interfacing with microwave components and structures for a range of
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RF/mid-IR applications.

1. Introduction

Infrared detection is vital for a number of applications such as
imaging, free space communication, sensing, and spectroscopy [1-4].
Many of these applications could benefit greatly from sensitive infrared
detectors capable of high-speed operation. As a particularly intuitive
example, detector response times could serve as a limiting factor for the
bandwidth of infrared free space communication systems. High-speed
detectors are, at the same time, becoming an increasingly important
factor in the rapid development of novel sensing and spectroscopy
techniques where the time resolution of current detectors is a bottle-
neck for the exploration of ultrafast phenomena and events in the mid-
IR. In the case of dual-comb spectroscopy (DCS) [3] an infrared fre-
quency comb, namely a coherent IR source consisting of discrete and
equally spaced optical frequency lines, is combined with a second comb
operating in same optical frequency range, but with slightly different
comb spacing. The two sources are combined on a high-speed detector,
and the resulting detector signal will consist of the radio frequency (RF)
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beat notes between the discrete lines of the two laser sources. If one or
both of these sources passes through an absorbing material, the fre-
quency lines overlapping with the material absorption feature will be
attenuated, as will the RF beat notes associated with the attenuated
optical frequencies, essentially mapping the optical absorption spec-
trum to the RF spectrum. Thus, a technique such as DCS offers broad
band, high resolution, and high sensitivity spectroscopic capabilities
with direct electrical read-out at RF frequencies. Mid-IR frequency
combs [5-8] and DCS systems [9-14] have been demonstrated in
multiple studies, and there is growing interest in developing high-
speed, low noise, and high sensitivity IR detectors to serve as detectors/
mixers for future DCS applications [11-16].

High-speed infrared detection has been demonstrated with multiple
material systems and detector architectures. The predominant material
used in mid- and long-wave infrared detection, mercury cadmium
telluride (MCT), has been integrated into photovoltaic detectors which
have achieved GHz-level cutoff frequency [17]. Alternatively, p-i-n
junction detectors have been fabricated with the narrow bandgap III-V
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material, indium antimonide (InSb), and show detectivity comparable
with, and higher bandwidth than, high-speed MCT detectors [18].
Quantum well infrared photodetectors (QWIPs) and quantum dot in-
frared photodetectors (QDIPs) are also candidates for high-speed in-
frared detection due to their extremely short carrier recombination/
relaxation times [19-23]. However, most, if not all, of the existing high-
speed IR detector demonstrations require the collection of photo-gen-
erated carriers through a direct electrical contact to the absorber ma-
terial. For high-speed operation in the RF regime, the design of elec-
trical contacts that efficiently transmit the photo-generated signal to the
read-out circuit becomes non-trivial. Adding to the challenge of high-
speed IR detector development is the fact that the area of the detecting
element often has to be kept small in order to reduce the detector RC
time constant, which also introduces tradeoffs between detector sensi-
tivity and operational speed. Therefore, a contact-free, RF-compatible
detector architecture could be highly desirable for the development of
high sensitivity, high-speed mid-IR photodetectors.

In this work, we demonstrate a high-speed mid-wave infrared
(MWIR, 3-5 um) detector using a reactively coupled loaded RF re-
sonator detection architecture [24-26]. A split-ring-resonator (SRR) is
coupled to a microstrip busline. When driven at the resonant frequency,
the RF wave couples into the SRR and results in an attenuated RF
transmission. A photoconductive semiconductor absorber material is
loaded in the gap of the SRR, where most of the RF fields are confined
when driven on resonance. The light-sensitive absorber provides a
mechanism for optically modulating the resonance of the RF circuit. A
schematic of the detector architecture is shown in Fig. 1. The device is
normally operated at the resonant frequency of the SRR. Light absorbed
by the pixel generates electron-hole pairs, which alter the conductivity
of the pixel and change the resonance of the SRR. This further causes a
change in the amplitude of the transmitted RF signal on the busline,
which can be used as a readout for the input optical signal. While the
development of infrared detection has been largely driven by imaging
applications, where an array of detectors is required, for emerging
applications such as dual-comb spectroscopy and infrared ranging, the
signal from a single element detector is used to extract the desired in-
formation and high speed detection is paramount. With this in mind, in
this work we demonstrate a single element detector, targeting a fast
response time, although sparse linear detector arrays on a single busline
can also be achieved with this architecture [24] for applications
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requiring multiple simultaneous signals via multiplexed read-out. Pre-
vious work [26] has also indicated that such reactively coupled detector
architectures can intrinsically possess lower Johnson noise than direct
current (DC)-based architectures, resulting in improved detectivity (D*)
when compared to the same absorbing element operated in a conven-
tional DC-biased photoconductive architecture. When operated in this
manner, the output of the circuit is rectified by an RF detector, a
Schottky diode, and the ensuing quasi-DC signal provides a straight-
forward measure of the light incident upon the pixel. However, such an
architecture should also be able to read out IR signals modulated at RF
frequencies, such as those coming from the beat notes generated in
dual-comb spectroscopy. In this case, the optical signal incident upon
the photoconducting pixel would be mixed with the driving RF carrier
signal, with the optical modulation reading out as sidebands on the
resonant carrier frequency, in the frequency domain. Thus, the detector
architecture presented in this work not only offers direct RF frequency
read-out, but if properly designed, the opportunity for high bandwidth
operation. The bandwidth of this detector architecture is determined by
the transient response of the circuit itself and the carrier lifetime of the
material. The circuit response time can be considered as the time
constant associated with the resonator response to a change in the
driving signal amplitude (which will be related to the quality factor Q
of the resonator). For the relatively high frequency (f; ~ 16.5 GHz),
low-Q resonators (Q < 10) employed in the presented detector ar-
chitecture, the circuit time constant will be on the order of ~100’s of ps.
On the material side, the minority carrier lifetime (7), or the average
time before a photo-excited electron hole pair recombines, is the time
constant associated with the change in the pixel conductivity due to a
change in infrared illumination. The key to realizing a sensitive and
high-speed, resonator-response-limited detector is thus to combine the
SRR with an absorber material that has a fast carrier recombination
lifetime.

Here, epitaxial InSb grown lattice-mismatched on GaAs substrates is
chosen as the absorbing material. The large lattice mismatch between
InSb and GaAs will result in a large defect density in the epitaxial InSb
[27], leading to fast recombination times, while still offering strong
interband infrared absorption. In conventional detector architectures,
where the signal consists of a collected photocurrent, a large defect
density can lead to rapid recombination of photo-excited charge car-
riers, before they are able to be collected as an electrical signal,

Fig. 1. Overview of the device architecture
and experimental setups. (a) A radio-
frequency (RF) source is used to drive the
split-ring-resonator (SRR) at resonant fre-
quency. The infrared absorbing semi-
conductor pixel is placed in the gap of the
SRR, as shown in optical microscope images
(b) and (c). The device is characterized
using three different set of optical sources
and detection instruments. (d) To obtain
optical absorption spectra, broadband light
‘ from a blackbody source of a Fourier trans-
Ju form infrared (FTIR) spectrometer is used,
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therefore reducing detector responsivity. However, in the RF archi-
tecture presented in this work, the photo-generated carriers are not
collected in the form of a current. Instead, they are instantaneously
probed by the overlapping RF field, confined in the vicinity of the pixel
by the resonator, allowing us to take advantage of the fast re-
combination times to achieve high-speed detector operation. Individual
free-standing pixels of this InSb material are fabricated [28] and
transferred [29] to the gap of the SRR. The detector's optical absorption
spectrum, time response and RF modulation response are characterized,
as shown schematically in Fig. 1. The time response data and analysis
show that this detector has a sub-nanosecond time constant. Even at
room temperature, response to RF modulated light is resolvable up to
modulation frequencies as high as 2 GHz. In addition to demonstrating
detection of high frequency signals, this detector architecture also has
the advantage of direct RF read-out, which could be important for in-
tegration into communication or spectroscopy systems operating at
microwave frequencies.

2. Methods
2.1. Material preparation

The absorber material used in this work is grown by molecular beam
epitaxy (MBE) and consists of a 600 nm InSb layer grown on top of a
200 nm AlSb sacrificial layer on a semi-insulating GaAs wafer. The large
lattice mismatch between AlSb/InSb and GaAs (~14%) will cause sig-
nificant defects which will degrade carrier lifetime [27] and, thus, in-
crease detector speed. In order to fabricate the pixels, we begin with the
as-grown AlSb/InSb epilayer, and then etch mesas down to the GaAs
substrate by inductively coupled plasma (ICP) dry etching (BCl;, Cl,
and Ar gases [30]) using a photoresist etch mask defined by UV pho-
tolithography. We then use a 40-min diluted HF (HF: H,O = 1:1000)
bath to selectively etch the sacrificial AlSb layer so that the InSb pixel is
supported by a ~10 pm diameter AISb pillar. A PDMS stamp is used to
peel the pixels from the original substrate [28]. The average pixel size
following the dry etch and undercut is 21 x 21 pm.

The SRR is fabricated on a 500 pm-thick 99.6% aluminum oxide
substrate using a standard lithography, metallization (10 nm Ti fol-
lowed by 500 nm Au), and lift-off process. The SRR microstrip width is
50 um, the side length is 1 mm, and the split-gap is 20 pm. The SRR is
coupled to a 50 um wide microstrip busline via a 30 um wide coupling
gap. The microstrip busline is terminated on both ends with coplanar
contact pads. The InSb pixel is then transferred to the SRR using a pick-
and-place dry transfer technique [29]. We fabricate and test four de-
vices with four pixels randomly chosen from the PDMS stamp, all show
similar responsivities and response times.

2.2. Experimental setups

The detector absorption spectra are measured using a Fourier
transform infrared (FTIR) spectrometer operated in amplitude mod-
ulation step-scan mode. The sample is placed in a temperature-con-
trolled closed-looped cryogenic probe station for temperature-depen-
dent spectral response measurements. Mid-IR light from the FTIR is
modulated using an optical chopper at 1 kHz and focused down onto
the sample using free-space optics. The sample is driven with an RF
source at the resonance frequency and 1 dBm of input RF power. The RF
output from the sample is rectified by a Schottky diode RF detector,
amplified by a preamplifier, and sent to a lock-in amplifier (LIA), re-
ferenced to the chopper frequency. The output of the LIA is fed back to
the FTIR. To normalize out the response function of the FTIR source and
optics, the spectra are divided by a reference spectrum measured with a
spectrally flat pyroelectric detector.

The temperature- and power-dependent time response of the device
is characterized by exciting the loaded pixel with a pulsed 1550 nm
laser, operated with a 20 MHz repetition rate and pulse widths of
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~100 fs. The pulse energy is controlled using neutral density filters. The
sample, placed in the cryo-probe station, is driven at the SRR resonance
frequency with 12 dBm of RF power. The circuit output is sent directly
to a high-speed digital sampling oscilloscope without rectification by a
Schottky diode. The synch signal from the laser is used as trigger for the
oscilloscope. However, because the RF carrier signal is not synchro-
nized with the laser pulses, the sinusoidal carrier signal measured on
the scope is phase-randomized and appears as a full band of sampled
points. The absorption of the laser pulse modifies the InSb pixel con-
ductivity, resulting in a time-dependent RF transmission coefficient for
the microwave circuit. The transient envelope of the transmitted RF
signal is then measured by the oscilloscope, which is synchronized to
the pulsed laser. From the raw data, the envelope of the temporal decay
signal is obtained by separating the data into bins of n points and
picking out the point with maximum amplitude from each bin. n is
manually determined for each data set to extract a clean envelope.

To test the frequency-response of the detector, a continuous wave
1550 nm laser, set to a constant power and externally modulated by an
electro-optical lithium niobate modulator driven by an RF source, is
used to excite the pixel. The total output power and beam profile of the
modulated light incident upon the detector are measured using the
knife edge method. From this, the integrated laser power over the pixel
is found to have a 200 pW modulation amplitude over a CW power of
300 pW. The modulated laser power shows no significant fluctuations
with regard to the modulation frequency in the range we tested
(0-3 GHz). A second RF source is used to drive the detector circuit at
resonance with 12 dBm RF power. The output from the detector circuit
is measured with an RF spectrum analyzer.

3. Results and discussions

The temperature-dependent spectral response of the detector is
shown in Fig. 2, and as would be expected for InSb, shows a low tem-
perature (T = 77 K) cut-off wavelength of A ~ 5.6 um, extending to
longer wavelengths at elevated temperature (T = 275 K). At room
temperature (T = 300 K), for an RF driving power of 1 dBm, the de-
tector response to the broadband, weak FTIR source illumination is
below the noise floor of our measurement system. The fluctuations in
the absorption spectra at A ~ 4.2 um are due to atmospheric fluctua-
tions in CO, absorption between experiments. The decrease in our de-
tector response with increasing temperature is attributed to increased
background carrier concentration in the pixel, which decreases the re-
sonator Q and, thus, reduces the contrast between dark and illuminated
state, effectively the RF equivalent of increased dark current.
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Fig. 2. Detector response spectra at 77 K and 275 K. The optical transfer
functions of the IR source and the optics in the FTIR beam path are normalized
out by dividing the raw RF-detector spectra by the spectrum of the light in-
cident upon the detector, as measured by a reference pyroelectric detector with
flat spectral response.
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Fig. 3. (a) Diagram of the lumped element circuit model. The SRR is modeled as a parallel RLC resonator. The pixel is modeled as an additional parallel RLC in
parallel with the SRR. (b) Measured and simulated S,, parameters before and after pixel transfer. (c and d) Measured and simulated time responses of the device to
pulsed optical excitation of varying pulse energies at (c) 77 K and (d) 300 K. Legends for the experimental data sets denote the optical energy incident on the pixel.
Legends for the simulated curves denote the extracted value for the fitting parameter G. The extracted fitting parameters are (c) G, = 0.0024S, 7 = 0.46ns for T = 77 K
and (d) G, = 0.008S, 7 = 0.7 ns for T = 300 K. Note that the scales differ by a factor of two between (c) 77 K and (d) 300 K.

Because the carrier lifetime in the material is expected to be of the
same order of magnitude as the time constant of the circuit, estimated
to be ~100’s of ps, the measured temporal decay envelope is a com-
bined response of both the circuit response and the recombination
lifetime in the material. Therefore, a conventional single exponential fit
to the decay envelope may not be applicable in this situation. Here, we
use a lumped element circuit model to simulate the device time re-
sponse signal and extract a carrier lifetime value. The circuit is modeled
using an open source software [31], both in the frequency and time
domain. As shown in the circuit diagram in Fig. 3(a), the SRR is mod-
eled as a parallel RLC resonator, and the loaded pixel is modeled as
additional conductance, capacitance and inductance G, AL, and AC
in parallel with the RLC resonator. Frequency domain simulations are
used to obtain the dark state values of circuit components by fitting the
simulated frequency response to the experimental S,; parameters,
measured with a vector network analyzer calibrated to the probe plane
and shown in Fig. 3(b). The fitted component values are then used in
the time domain simulations, where the circuit is driven with a single
sinusoidal wave at the resonant frequency, and a time-varying value is
assigned to Gy to simulate the change in the conductivity of the pixel
upon optical excitation,

Gpixet = Go + Gexp(—w) o)
where G, is the dark state pixel conductance obtained from the fre-
quency domain simulation and fitting, G is the photo-generated change
in conductance, ¢, is the time delay of the optical pulse, and 7 is the
effective carrier recombination time constant. G and 7 are tuned to fit
the simulated result to the measured time response envelope.

The experimentally measured detector time responses, as a function

of pump pulse energy, are shown in Fig. 3(c) and (d), for 77 K and
300 K respectively. The simulated time responses are shown as well,
with the extracted fitting parameter G. In the simulations, T and G are
chosen to fit the tail of the time response while also matching the peak
amplitude. At the lowest pump energies, the simulated response curves
fit the experimental data well over the entire time window. For in-
creasing pump energies, discrepancies can be seen between the mea-
sured and simulated time response. Firstly, the measured responses at
increasing pump energies have faster initial decays when compared
with the corresponding simulations. Secondly, the extracted values for
G do not scale linearly with the pump energies in the experiments. Both
of these effects are consistent with Auger recombination, a well-known
challenge for optoelectronic devices utilizing narrow-band gap III-V
semiconductors such as InSb [32]. Auger recombination results in a
carrier-concentration-dependent, thus time-dependent, carrier re-
combination lifetime, which agrees with the faster initial decays seen in
the experimental data at higher pump energies and temperatures. Ad-
ditionally, because the single-t model used in the simulations under-
estimates the initial decay rate, it further leads to an underestimation of
G and thus contributes to the nonlinear scaling of G with the pump
energies. These effects are also more prominent at both higher tem-
peratures and higher pump energies, as would be expected for Auger
recombination related effects. Although the integration of Auger re-
combination effects is required in order to model the time responses at
high pump energies more accurately, the simple model employed here
yields accurate fits to the data at low pump energy, which corresponds
to low optical injection that is consistent with typical detector operation
regimes. Moreover, the discrepancies between our simulations and data
at higher pump energies provide insight into possible mechanisms
which could degrade detector performance in specific experimental
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systems, such as dual-comb spectroscopy. Using the single-t fitting
process, we extract time constants = 0.46 ns at 77 Kand 7 = 0.7 ns at
300 K. The extracted time constants remain below 1 ns across the entire
temperature range investigated (11-300 K). Thus, even fitting to the
tail of our response results in sub-nanosecond detector response times at
all measured temperatures. Interestingly, the fitted T are seen to be
increasing with increasing temperature, suggesting that the observed
lifetimes might ultimately be determined by trap assisted recombina-
tion [33], which would be expected given the highly lattice mismatched
growth.

Using our lumped element time-domain model, and setting T — O,
we can minimize the contributions from the material and investigate
the theoretical circuit-limited transient response of the device. This si-
mulation gives a decay time constant of 7, = 208.6 ps, consistent with
the circuit response time estimated using the circuit resonant frequency
and quality factor. This time constant predicts the ultimate frequency
response limit associated with the SRR structure. The model shows that
further increasing detector speed requires both materials with faster
lifetimes and improvements in the circuit design. Nevertheless, the
material lifetime is currently the dominant limiting factor for detector
speed. Materials with lifetimes faster than the circuit time constant are
required to push the detector speed towards the circuit response limit.

The modulation response spectra of the detector measured using an
RF spectrum analyzer are shown in Fig. 4. When the incident light is
modulated at a frequency f,, ,, the amplitude of the RF carrier signal is
modulated at this same frequency, leading to frequency mixing between
the carrier frequency and the modulation frequency. When measured
on a spectrum analyzer, a pair of spectral features located at frequencies
of fime * finog are observed, the result of frequency mixing, as seen in
Fig. 4(a) and (c). Additional lines, independent of modulation fre-
quency, can be seen in all of the data presented in Fig. 4, which are
found to be residual components intrinsic to the RF source driving the
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device. Note that for f, , > 1.8 GHz, the center frequency and fre-
quency span of the spectrum analyzer are shifted to reduce acquisition
time. Therefore, only thef,,, — f,.. component is recorded. The fre-
quency dependence of the response depends on a combination of the
material response (recombination) time and the frequency dependent
RF transmission of the resonator. In addition to the two main sidebands
at f.. * foqo higher order components at f.., + 2f,, can also be
observed. These sidebands are due to the nonlinear response of the
detector, which we first observe in the power-dependent time response
measurements shown in Fig. 3. For all RF spectra we observe a sideband
suppression ratio of >15 dB. Although this nonlinearity is relatively
weak, the nonlinear response would prove to be problematic for sen-
sitive spectroscopic applications such as dual-comb spectroscopy,
where the higher order (nonlinear) terms from a comb line f, would
cause crosstalk with comb line 2f,. The nonlinearity in the device could
result from both the circuit and the material response. If the response of
the resonator to a linear change in the pixel conductivity is nonlinear,
the fundamental frequency sidebands f;,;,, =+ f,,, could further mix
with the modulated optical signal to generate the higher order com-
ponents. This is confirmed with the circuit model by modulating Gy
with a sinusoidal function. The corresponding Fourier spectrum is
found to contain higher order components similar to those seen in ex-
periments. On the material side, Auger recombination will result in a
time-dependent recombination lifetime, which causes a fundamentally
non-linear material response. Such nonlinearity could be reduced in the
future by choosing a circuit design that avoids the use of resonators or
more importantly, by replacing the InSb with absorber materials that
may provide a more linear response.

Despite the limits imposed by the nonlinearity in our detector re-
sponse, our detectors demonstrate resolvable response to modulation
frequencies as high as f,,,;, = 2 GHz, not only at low temperature, but
up to room temperature. The amplitudes of the resolved high frequency
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Fig. 4. Measured RF spectra from optically-modulated detectors (response from all modulation frequencies, spaced by 100 MHz, overlaid on the same plot) at (a)
77 K and (c) 300 K. Individual spectra at modulation frequencies of 100 MHz, 200 MHz, 400 MHz, and 800 MHz at (b) 77 K and (d) 300 K. The second harmonic
sideband suppression ratio is shown for each of the selected modulation frequencies.
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components are comparable to those observed in actual DCS systems
[14]. Furthermore, the large resolvable modulation frequency range
provides the headroom for reducing the repetition rate difference be-
tween the two frequency combs in DCS systems, which could increase
the spectral resolution and accommodate a broader spectral region [3].
Note that such response is achieved without optimizing the microwave
circuit, for example increasing metal thickness to reduce RF loss or
adjusting microstrip and contact pad geometry for better impedance
matching.

4. Conclusions

Utilizing a microwave resonator and exploiting an intentionally
lattice mismatched grown InSb epilayer, a high-speed mid-wave in-
frared detector using a single micro-scale InSb pixel as the detecting
element is realized. Measured time response data show a sub-nanose-
cond detector time response, in good agreement with time domain
circuit simulations, especially for lower energy optical pulses consistent
with typical IR detector operating conditions. The detector is able to
resolve frequency components as high as 2 GHz at room temperature.
By using microwave signal as readout, the need to collect photo-gen-
erated carriers in the form of a current is eliminated. This contact-free
detection scheme provides a potential flexible platform for high-speed
infrared detection. In addition, by using an RF circuit-based archi-
tecture, the detector can directly interface with RF electronic compo-
nents such as spectrum analyzers, CMOS circuitry, or RF MEMS, of-
fering opportunities for integration in advanced sensing or
communication systems. Specifically, the detector architecture de-
scribed has significant potential in applications that require high-speed
infrared detectors for IR signals modulated at RF frequencies, such as
the emerging field of dual-comb spectroscopy. The straightforward in-
tegration of alternative absorbing materials, with further reduced life-
times, stronger absorption, or more linear response, in place of the InSb,
offers a path towards extended optical bandwidth and improved de-
tector performance. Miniaturization of the device can be achieved in
the future by shifting to a high index substrate and higher operating RF
frequencies, followed by an optimized geometry design and device
fabrication to enhance detector response. Together with multiplexing
techniques, this architecture can be expected to offer a very wide range
of functionalities for emerging infrared detection applications.
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