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ABSTRACT
Because of the ultrafast and photon-driven nature of the transport in their active region, we demonstrate that quantum cascade lasers can be
operated as resonantly amplified terahertz detectors with wide RF bandwidth. Tunable responsivities up to 50 V/W and noise equivalent pow-
ers down to 100 pW/Hz1/2 are demonstrated at 4.7 THz. Constant peak responsivities with respect to the detector temperature are observed
up to 80 K. Thanks to the ≈ps intersub-band lifetime, electrical bandwidths larger than 20 GHz can be obtained, allowing the detection of
optical beatnotes from quantum cascade THz frequency combs.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0063141

I. INTRODUCTION

Recent years saw an impressive development in the field of
high speed/high frequency devices operating at THz wavelengths.
Specifically, the demonstration and development of quantum cas-
cade laser frequency combs first in the mid-IR1 and then in the THz2

are having a major impact in the field of spectroscopy3 and hold
high promise also for other areas such as telecom for the next 6G
and local area networks.4 As the development of THz QCL comb
sources5–7 and their understanding8,9 proceed at a fast pace, the
call for ultrafast THz detectors with high responsivity is imperative.
Recent advances using graphene10 and Quantum Well Infrared Pho-
todetectors (QWIPs) inserted in nanoresonators11 are promising,
but a highly responsive, ultrafast, high temperature, broadband THz
detector is still lacking. We propose here an implementation of the
concept of regenerative amplification for the detection of THz radia-
tion. We leverage on the ultrafast dynamics of the quantum cascade
active medium driven to perform resonant detection. In a regenera-
tive amplifier, a very large overall signal gain is achieved by positive
feedback onto the input of the amplifier. Initially developed and used
in early radios,12,13 this approach was also considered for optical
systems since a laser below threshold can be seen as a regenerative
amplifier.14 Low-light signal detection using regenerative amplifica-
tion was investigated experimentally.15,16 The key disadvantage of
regenerative amplification is its narrow bandwidth, which is the rea-
son why it is employed in optical systems mostly for amplification
of short pulses17 and not for the detection of optical signals. Indeed,
in the visible and near infrared, photodiodes combining very large

quantum efficiencies (η > 0.5) and low dark currents, combined with
low noise electronics, enable extremely sensitive optical receivers to
be realized.

In contrast, in the THz spectral region, this approach is much
less attractive since the photon energy is smaller than kBT at room
temperature. Indeed, quantum cascade detectors18 and quantum
well infrared photoconductors19 operating in the THz have been
reported, with high frequency capabilities.20 Nevertheless, and in
contrast to the situation in the mid-infrared where the use of optimal
doping21 combined with microcavities22 enabled the operation up
to room temperature, the THz QCDs11 operate below liquid nitro-
gen temperatures, and excellent performances are typically obtained
at 4 K. The situation is even more extreme in superconductor hot
electron bolometers where very low NEPs are achieved at millikelvin
temperatures.23

Quantum cascade lasers based on intersub-band transition
have enabled the generation of coherent radiation in the mid-
infrared and the development of sensing applications because of
their capability to operate at room temperature. The recent improve-
ment of terahertz quantum cascade lasers, based on the simulta-
neous use of larger band discontinuities combined with a simple
two-well quantum cascade structure and numerical optimization,
has brought the operation temperature of these devices in the range
of thermoelectric (Peltier) coolers.24–27

One unique property of quantum cascade lasers is their ultra-
fast photon-driven transport, arising naturally from the combina-
tion of tunneling electron injection and an ultrashort upper state
lifetime. As a result, the voltage–current characteristic of the device
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shows a sharp conductance discontinuity at threshold as the photon-
driven transport is added to the non-radiative current.29 The ultra-
fast nature of the response to that current is responsible for the very
strong beatnote appearing at the round trip frequency observed in
quantum cascade laser frequency combs; in this situation, the laser
is detecting its own light intensity modulation.30 Similarly, the emis-
sion of a QCL above threshold can be fed into the cavity in self-
mixing schemes,31 to achieve THz detection,32,33 and heterodyne
measurements.34 However, the high field intensity inside the cavity
prevents a QCL above threshold to detect external sources directly,
i.e., without relying on the non-linear mixing between the external
and internal coherent fields. Nevertheless, in the exact same way as a
device can be detecting its own radiation above threshold, we antic-
ipate that a photocurrent can be induced in a quantum cascade laser
driven below threshold such that the active region has a positive gain.
An external photon can indeed enhance the photon-driven trans-
port, generating a photocurrent while being amplified at the same
time. Therefore, in contrast to previously reported QCLs working as
detectors in the mid-IR,35 the operation as a detector relies on stimu-
lated emission rather than photon absorption as in a standard QCD.
Nevertheless, our approach holds the same potential for integration
of laser and detector on the same chip.36

If we consider a Fabry–Pérot laser containing Np periods and
with a gain of g at the photon energy hν, the photocurrent generated
in a section δz (δIph) is equal to

δIph =
Pcirc(z)

Np

e
hν

gδz, (1)

where Pcirc(z) = ∣Ecirc(z)∣2 is the circulating power inside the cav-
ity. The total photocurrent can be computed by taking explicitly
the spatial dependence of the field inside the laser cavity, which can
be expressed as a function of net gain gnet = g − αw (where g is the
gain and αw represents the waveguide losses) and amplitude mirror
reflectivities r1 and r2 for every wavelength λ,14

Ecirc(z) =
Ein
√

ηopt(1 − ∣r1∣2)

1 − r1r2e(gnet−2ik)Lcav

× [e−(gnet/2+ik)z
+ r2e(gnet/2+ik)z

], (2)

where Ein is the incoming optical field and k = 2π/λ. An optical effi-
ciency ηopt is introduced to take into account the fraction of incom-
ing power effectively coupled into the laser cavity. Integrating δI
over the whole cavity length Lcav yields the total photocurrent,

Iph =
Pcirc(0)
hν/q0Np

g
αw − g

[e−gnet Lcav
− 1 + ∣r2∣

2
(1 − egnet Lcav

)]. (3)

The resonant nature of the photocurrent derives directly from
Eq. (2), which fixes a relation between the optical gain and detection
bandwidth Δ f for every mode of the cavity,

Δ f =
c

2πnLcav
arcos(2 −

1 + e2(gnet−αm)Lcav

2e(gnet−αm)Lcav
), (4)

where n is the refractive index inside the cavity. Δ f tends to vanish as
the gain approaches the theoretical limit αm at which the photocur-
rent diverges. However, the device stability and the noise prevent

this limit to be reached in real applications. When considering a
microcavity device, the spatial dependence of the field can then be
neglected. Thus, it is more convenient to consider the photocurrent
generated in the time interval dt and integrate it on the photon life-
time in the cavity (SM1 of the supplementary material). Expressing
the gain γ, the waveguide losses ΓΩ, and the radiative losses Γrad as
rates [Fig. 1(a)] allows us to write the responsivity ℛ (in A/W) on
resonance as

ℛ =
1

Np

e
hν

4γΓrad

(Γrad + ΓΩ − γ)2 , (5)

where the gain γ, the waveguide losses ΓΩ, and the radiative losses
Γrad are now expressed as rates [Fig. 1(a)]. In contrast to conven-
tional photodetectors, the dark current id required to maintain the
gain is relatively large such that the dynamical impedance of the
device must be taken into account to evaluate the voltage respon-
sivity. The dynamical impedance can be estimated in an analyti-
cal model by using the density matrix approach first developed by
Kazarinov and Suris37 in the case of a superlattice and then extended
to quantum cascade lasers.29 In this way, the current density J flow-
ing between the injector sub-band and the upper state detuned
in energy by an amount hΔ is proportional to their population
difference Δn,

J(Δ, Δn) =
2e∣Ω3i∣

2

τ∥
Δn

Δ2
+ 1/τ2

∥

, (6)

where τ∥ is the in-plane scattering lifetime and hΩ3i is the coupling
between the sub-bands. When combined with a rate equation for the
upper state and assuming a constant total electron density between
the two sub-bands, expression (6) yields for the current density for a
given radiative current Jrad from the upper state,

J(Δ, Jrad) =
2e∣Ω3i∣

2τ∥
1 + Δ2τ2

∥
+ 4Ω2

3iτ3τ∥
(ns +

2τ3

e
Jrad), (7)

where τ3 is the upper state population lifetime. Equation (7) reverts
back to the well-known result at Jrad = 0. Using the above result,
the differential photoresistance (per period) can be extracted by
computing

Rd =
̵h
e

∂Δ
∂Jrad

∣

dJ=0
=

̵h
e2Δns

τ3

τ2
∥

(Δ2τ2
∥ + 1 + 4∣Ω3i∣

2τ3τ∥). (8)

This resistance is, in general, smaller than the differential resistance
of the structure operated below threshold,

Rnr =
̵h
e
∂Δ
∂J
∣

Jrad=0
= −

̵h
e2Δns

(Δ2τ2
∥
+ 1 + 4∣Ω3i∣

2τ3τ∥)
2

4∣Ω3i∣2τ3
∥

. (9)

Indeed, the ratio of these two resistances is given by

Rd

Rnr
= −

4∣Ω3i∣
2τ∥τ3

Δ2τ2
∥
+ 1 + 4∣Ω3i∣2τ∥τ3

. (10)

As the photovoltage is proportional to Rd and the noise volt-
age (caused by shot noise) is proportional to Rnr, it is, of course,
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FIG. 1. Regenerative Terahertz Quantum Detector (ReTeD). (a) Schematic representation of the resonant cavity with the relevant parameters entering equation for the
responsivity (5). (b) Experimental setup: The source laser is driven in the pulsed mode and its emission focused onto the detector laser driven in the continuous wave below
threshold. The signal is detected on a 150 Ω load resistor placed in series with the laser. The different parts composing the patch-array antenna-single-mode QCL are
indicated. (c) Spectra of the luminescence of the detector laser below threshold (blue) and of the emission source laser above threshold (orange). (d) Detector responsivity
as a function of source frequency for different detector bias currents. The source laser frequency was characterized with a Bruker Vertex 80 FTIR using zero padding to get
a more accurate peak position.28 For each current, the experimental data are fitted with Eq. (3). The values of gain resulting from the fit are reported in (e) as a function of
detector bias current. The points corresponding to the curves reported in (d) are indicated by the colored ⋆.

desirable to bring the above ratio as close to unity as possible. This
is the case for thin injection barriers in the strong coupling limit
defined by

4∣Ω3i∣
2τ∥τ3 ≫ 1. (11)

This result enables us to write the noise equivalent power of the
device, assuming that the noise is dominated by the shot noise,

NEP =
√

2eidB
ℛ

Rnr

Rd
, (12)

where id is the current and the noise is detected in a bandwidth B.

II. EXPERIMENTAL RESULTS
An implementation of the Regenerative Terahertz Quantum

Detector (ReTeD) is achieved exploiting a patch-array antenna-
single-mode QCL38 [Fig. 1(b)]. The device consists of a double
metal waveguide with a distributed Bragg reflector (DBR) acting as a
high reflectivity mirror and a first order distributed feedback (DFB)

grating acting as a narrow-band front mirror. The two mirrors are
designed with the help of finite element simulations performed with
COMSOL, which yielded a back mirror reflectivity of Rback = 0.9539

and a front mirror reflectivity of R front = 0.85 with a bandwidth
of ≈ 100 GHz (SM2 of the supplementary material). A patch-array
antenna, integrated with the top metal contact, provides for efficient
light out-coupling. At the same time, it eases the in-coupling of light
into the double metal waveguide, thus making the device suitable to
work as both laser and ReTeD. An in-coupling efficiency of 18% is
estimated with a full-wave 3D numerical simulation performed with
the software CST (SM2 of the supplementary material). None of the
optical elements of the device is expected to limit the detection band-
width of the main mode, which is rather fixed by the gain-bandwidth
relation [Eq. (4)]. However, the front mirror bandwidth does reduce
the gain available for the other cavity modes, thus limiting the overall
detection bandwidth.

Two devices processed from the same wafer are used in the
experiment, and the emission of one laser, used as source, is focused
onto the second, which is kept below threshold and is used as a
detector [see the experimental layout in Fig. 1(b)]. The spectra of
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the two lasers are centered around the same frequency (4.737 THz),
as shown in Fig. 1(c), where the luminescence of the detector laser
is compared with the spectrum of the source laser above threshold.
The optical resonant response of the detector is measured by
temperature tuning the source laser in the range of 10–55 K for fixed
values of the detector laser current. As the detector bias is increased
but maintained below threshold, the gain of the structure grows,
resulting in a higher responsivity and a narrower optical bandwidth.
For current values above threshold, the radiation emitted by the
active region of the detector rapidly overcomes the incoming one. As
shown in Fig. 1(d) where the experimental responsivity is reported
as a function of optical frequency, the resonant nature of the detec-
tor is clearly apparent. Increasing the detector bias current toward
threshold leads to responsivities up to 50 V/W, while the detection
bandwidths decrease. This resonant behavior can be described with
good accuracy by our model where ℛ V/W = IphRd/Pin and Iph is
computed from Eq. (3), assuming values of parameters described
in detail in SM2 of the supplementary material. In particular, the
values of optical gain assumed to compute the responsivities as a
function of bias current are shown in Fig. 1(e). The optical efficiency
ηopt = 12% is deduced from a comparison of the slope efficiency of
the laser with the theoretical value. For each value of the injected
current, the fit also yields a value of the differential photoresistance
in the range of Rd = 2–5 Ω. This value is reported in Fig. 2 and can
be compared to the expected one derived from the Kazarinov–Suris
model of transport (8). First, a Schrödinger–Poisson self-consistent
solver is used to convert the applied bias into a detuning Δ. The
computed coupling between the injector and the upper state

FIG. 2. Non-radiative differential resistance (RNR) and photoresistance (Rd ) as a
function of energy detuning Δ. The orange ⋆ represents the experimental non-
radiative resistances (Rnr-exp) measured in CW at a temperature of 20 K. The
non-radiative resistance calculation based on the Kazarinov–Suris model [Eq. (9)]
is depicted with the orange solid line, and the dashed line represents the same
quantity with the addition of the series resistance (Rseries = 22 Ω). The photore-
sistance is reported in blue. ⋆ indicates the values resulting from the fitting of the
experimental measurement of responsivity with Eq. (3) (Rd-exp), while the solid line
indicates the calculation based on the Kazarinov–Suris model Rd-KS [Eq. (8)].

wavefunction hΩ3i = 0.8 meV was adjusted down to hΩ3i
= 0.45 meV to obtain a better fit to the data. We also obtained
the electronic lifetimes τ∥ = 0.31 ps and τ2 = 4.7 ps from a measure-
ment of the device electroluminescence linewidth [Fig. 1(c)] and
maximum current density, respectively. As shown in Fig. 2, while
the experimental differential resistance of the device Rnr agrees well
with the computed one [assuming an additional series resistance
of 22 Ω (SM3 of the supplementary material)], the observed differ-
ential resistance Rd shows a much stronger field dependence than
predicted in our simple model, probably reflecting the well-known
limitations of this simplified approach. This analysis, however,
points toward the relatively low ratio Rd/RNR ≈ 8% as strongly
limiting the device’s performance. Increasing this value could be
achieved, for instance, by using thinner injector-upper state barriers
to obtain a stronger injection 4∣Ω3i∣

2τ∥τ3 above the value of 3 used
in this device.

The noise of the detector is evaluated connecting a spectrum
analyzer to the detector under bias while keeping the source laser
off. From the measurement of the noise, the minimum NEP is calcu-
lated using the responsivity obtained in the resonant case [Fig. 3(a)],
i.e., when the source and detector laser frequencies match. Values
smaller than 100 pW/Hz1/2 can be reached close to threshold. A good
agreement is obtained with the theoretical NEP computed consider-
ing only the bias current shot noise, showing the shot noise to be
effectively the dominant source of noise of the detector. As the sig-
nal is proportional to Rd and the noise is proportional to RNR, an
improvement of this ratio would also benefit the NEP. A key feature
of this approach to detect THz radiation is that the peak responsivity
does not depend on the detector’s temperature as long as it is below
the maximum operating temperature of the laser. The decrease in
upper state lifetime due to temperature increase indeed only shifts
the threshold to higher values, resulting in a slightly larger noise
level. As a result, the detector performances are expected to show
only a weak temperature dependence.

The detector’s temperature dependence is investigated exper-
imentally and shown in Fig. 3(b). In this measurement, a detec-
tor laser with a slightly higher central frequency is used such that
the frequency matching between the source and detector QCL is
obtained when the temperature of the source is smaller than the one
of the detector. The result shows that the peak responsivity stays
approximately constant until 80 K (TD-max), temperature at which
the detector cannot reach its threshold anymore (SM4 of the sup-
plementary material). Below TD-max, the peak responsivity lies in the
20–25 V/W range. This value is comparable with the one obtained
with the detector laser used in the previous experiment. Above the
maximum operating temperature, the maximum gain of the active
region starts to decrease, resulting in a reduced peak responsivity.
The NEP relative to each point is computed from the bias cur-
rent shot noise. Despite the fact that at higher temperatures the
maximum responsivity is obtained at higher currents, due to the
increase in threshold current, the NEP does not increase dramati-
cally, thanks to the decrease in non-radiative resistance with tem-
perature. Above TD-max, the decrease in gain, hence of responsivity,
causes a substantial increase in NEP.

Another fundamental advantage of exploiting QCLs for THz
radiation detection is that, thanks to the ultrafast nature of the
photon-driven transport in a QCL, the response of the ReTeD can
be extremely fast. The fact that electrical beatnotes of the order of
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FIG. 3. NEP as a function of detector bias current (a). The NEP computed as NEP = N/ℛ V/W/RNR is reported in the solid lines. The power noise N is measured with a
Rohde and Schwarz FSW-67 spectrum analyzer connected to the detector load resistor. Noise spectra from DC to 25 GHz are measured for different detector biases with
a resolution bandwidth of 10 Hz and averaging over ten samples. The results reported in the plot are relative to frequencies of 5 MHz (blue), 1 GHz (orange), and 20 GHz
(green) and a device temperature of 15 K. The NEP obtained considering only the detector bias current shot noise (N = 2eIdBRNR) is depicted with the dashed line. The
gray area represents the region above threshold. Peak responsivity as a function of detector laser temperature (b). The source laser is driven in the pulsed mode with a fixed
peak current (209 mA). For each temperature of the detector, the source laser temperature is tuned to maximize the optical signal. The maximum responsivity reached by
sweeping the detector bias is reported in blue. The NEP corresponding each responsivity and calculated from the bias current shot noise is reported in orange. The dashed
line indicates the temperature at which the detector laser cannot reach threshold.

FIG. 4. Optical detection of the beatnote at GHz frequencies. (a) Comparison between the Active Region (AR) electroluminescence and spectrum of the source laser. The
AR luminescence (blue trace) is measured on a 0.345 mm long and 70 μm wide non-lasing device biased at 8 V and kept at 10 K.6 The source laser spectrum (orange
trace) is measured with a Bruker Vertex 80 FTIR. The laser is kept at 15 K and driven CW at IS = 290 mA. Schematic of the experimental setup (b). The source and detector
laser are placed on the foci of the parabolic mirrors. Both lasers are driven in CW, and a 50 Ω load resistor is placed in series with the current source of the detector laser.
A Rohde and Schwarz FSW-67 spectrum analyzer is also connected to the detector QCL through a bias-tee. Optical beatnote map as a function of detector bias current
(c). The source laser bias is fixed at 290 mA and kept at 15 K. The detector laser temperature is 2 5 K, and its bias is swept from 135 to 151 mA. The spectrum analyzer
is operated with a resolution bandwidth of 10 kHz. For each current, the measurement is averaged over 20 samples. The electrical beatnote measured on the bias-tee of
the source laser is reported in the inset. Maximum value of the beatnote intensity as a function of detector current (e). The gray area indicates the region above threshold,
which is, in this configuration, ID-th = 148.4 mA. The colored ⋆ refers to the BN spectra reported in the inset.
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several tens of GHz can be observed in THz QCL frequency
combs2,6,40–41 suggests indeed that the cutoff frequency of the ReTeD
response should lie in the same range. The easiest way to verify
this hypothesis is to optically measure the beatnote of a THz fre-
quency comb employing the ReTeD. The device presented so far is
strictly single mode above threshold; therefore, it is not suitable for
this purpose. For this reason, a pair of lasers based on a broadband
active region6 is used, whose emission is centered around 3 THz
[Fig. 4(a), blue trace]. The devices consist of a double metal wave-
guide ridge of 2 mm long and 40 μm wide. A silicon lens is placed on
the front facet in order to lower its reflectivity and optimize the cou-
pling inside/outside of the ridge. The source laser is placed in one of
the foci of the setup and biased in CW at IS = 290 mA. At this cur-
rent, the laser is in a comb state, displaying a wide spectrum with a
bandwidth of ≈900 GHz and a single electrical beatnote at ≈20 GHz
[Fig. 4(a)] orange trace (d). The electroluminescence of the detec-
tor [blue trace, Fig. 4(a)] overlaps very well with the laser’s signal.
The detector is placed in front of the other mirror, connected to a
spectrum analyzer through a bias-tee, and always biased below the
lasing threshold. In this configuration, a clear optical beatnote can be
observed on the spectrum analyzer for different biases of the detec-
tor laser [Fig. 4(c)], thus confirming that the electrical bandwidth of
the detector is as high as 20 GHz. We would like to underline that we
are not detecting the heterodyne beating of the incoming laser sig-
nal with the receiver coherent field,34 as our detector is always below
threshold. The detected signal comes from the amplification of the
coherent modes of the incoming comb inside the detector’s cavity;
their beating then modulates the detector current. The increase in
gain as the detector current is brought toward the threshold is also
reflected into an increase in the optical beatnote intensity [Figs. 4(c),
4(e), and 4(f)].

III. DISCUSSION AND CONCLUSION
We presented the application of the concept of regenerative

amplification to THz detection exploiting QCL active regions as the
gain medium. The ultrafast photon driven transport that character-
izes QCLs offers the possibility of reaching high responsivities, wide
electrical bandwidths, and high operating temperatures. The ultra-
fast resonant response makes the ReTeD particularly suited to char-
acterize coherent sources and to be used for heterodyne detection.
Nevertheless, the tunable optical bandwidth also allows us to detect
broader sources such as blackbody emission. A very promising out-
look on future architectures is represented by microcavity devices.
Thanks to the higher resistance, a microresonator would lead to
higher responsivities and lower NEP with respect to a Fabry–Pérot
device. Considering a (10 × 10) μm2 LC microresonator with a qual-
ity factor of Q = 13, relative to αm = 6 cm−1 and αw = 25 cm−1,
responsivities up to 100 kV/W and NEP down to 1.6 pW/Hz1/2 can
be obtained at 3.9 THz, with a gain of 30 cm−1 and a current den-
sity of 2.5 kA/cm−2.25 Such active region characteristics correspond
to the high performance two-well operating up to 210 K: In this
perspective, we would obtain a highly responsive device up to high
temperatures. The inherent ultrafast bandwidth of the detection
mechanism would then be fully exploited in a microcavity geometry
that reduces to the minimum the capacitive and inductive parasitics.
Studies using lenses-coupled broadband lasers proved the possibility
of recording optical beatnotes, thus confirming that bandwidths as

high as 20 GHz can be reached with our approach and very likely can
be extended to much higher frequencies as electrical beatnotes from
THz QCLs have been detected up to 50 GHz and higher.41 Regenera-
tive amplification proves to be an effective method for detecting THz
radiation and has the potential to overcome the existing technology.

SUPPLEMENTARY MATERIAL

See the supplementary material for details about the device
simulations and additional supporting measurements.
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