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In this work, we demonstrate a 4.1 lm quantum cascade photodetector with external quantum

efficiencies of 40% at 80 K and 25% at 300 K. Such high efficiencies have been made possible by

using a single period active region embedded in a facet coupled low-loss dielectric ridge waveguide.

This emphasizes the relevance of enhancing the optical interaction for this type of detector in a dif-

ferent manner from increasing the number of periods. Low noise operation was achieved by using

photovoltaic operation at zero bias and an elaborate band structure design to prevent undesired scat-

tering paths. A noise equivalent power of 10 pW=
ffiffiffiffiffiffi

Hz
p

and a corresponding specific detectivity of

7� 107 cm
ffiffiffiffiffiffi

Hz
p

=W at room-temperature, as well as background limited operation below 124 K with

a detectivity close to an ideal photodetector, are demonstrated. VC 2017 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/). [http://dx.doi.org/10.1063/1.4985711]

Quantum cascade detectors (QCDs) are unipolar inter-

subband devices and are mostly designed for the detection of

mid-infrared radiation.1–4 They can be seen as a type of pho-

tovoltaic quantum well infrared photodetector5 (QWIP) uti-

lizing a ladder of subbands that act as a built-in field to

extract the electrons via tunneling and longitudinal optical

phonon scattering. QCDs were demonstrated using a variety

of material systems.6–9 The choice of material does not only

limit the largest possible transition energy but also have a

significant impact on the performance limit of QCDs. The

absorption strength, the noise performance, and the achiev-

able performance limit for QCDs are improved with smaller

effective electron mass.9

To push the performance of QCDs to their limit, an alter-

native method to achieve a high absorption efficiency, while

keeping the number of periods as low as possible, has to be

found. A number of strategies of enhancing the absorption

efficiency of intersubband detectors have been pursued exper-

imentally and theoretically, ranging from photonic crystal

cavities,10 integrated plasmonic lenses,11 to plasmonic perfect

absorbers.12 Those methods provide excellent performance

and are a good choice for applications that require detection

of a spatially wide beam with a narrow spectrum.

For other applications, such as detection of light from

quantum cascade lasers where the spot size for detection can

be very small, a dielectric ridge waveguide as absorption

geometry provides several significant benefits to the device

performance. They allow high absorption efficiency with a

very small electric detector area, which significantly increases

the device resistance and thus the signal-to-noise ratio.

Ridge waveguide based QCDs have already been used

as part of the lab-on-a-chip based on bi-functional quantum

cascade laser/detector materials.13 The idea of using ridge

waveguide QCDs as external detectors has also been fol-

lowed by Sakr et al.14 for a high speed (42 GHz 3 dB electric

bandwidth) short wavelength k¼ 1.55 lm detector based on

the GaN/AlGaN material system and by Dougakiuchi et al.15

for a k¼ 5.4 lm detector based on InGaAs/InAlAs. At room-

temperature, Dougakiuchi et al. achieved a responsivity of

40 mA/W in a ridge waveguide configuration with 70 periods

compared to 7 mA/W for the 45� double pass mesa with

45 periods of the same QCD active region design. The

minor improvement on the specific detectivity from 2:5
�107 cm

ffiffiffiffiffiffi

Hz
p

=W to 3:5� 107 cm
ffiffiffiffiffiffi

Hz
p

=W is due to the nor-

malization on the optically active area. This emphasizes that

ridge waveguide detectors are well suited for direct end-fire

coupling, e.g., in on-chip applications and maybe for focused

radiation from laser sources but not for the detection of ther-

mal sources. In any case, ridge waveguides are a perfect

geometry to demonstrate the limits of quantum cascade

detectors, which is the aim of this paper.

QCDs commonly consist of 20–40 periods and thus are

often designed assuming periodic boundary conditions and

neglecting the interface to the bulk layers. A main reason for

the large impact of the interface on the bulk regions is band

bending, which can lead to a misalignment of the subbands

and thus to an additional series resistance, as well as a mal-

function of the first and last periods. The situation is similar

to a heterojunction, with the QCD active region having an

approximately 120 meV higher effective band edge than

the bulk InGaAs layers. For lasers, these interfaces are com-

monly neglected because a small voltage drop at the inter-

face can align the subbands and allow a sufficiently small

differential resistance. However, this is not the case for zero

bias operating detectors. We noted the relevance of correct

interface design already in previous publications;16 however,

it becomes obligatory when moving to a single period.

The band diagram of the single period active region

embedded between two low doped InGaAs layers to form

the waveguide core is shown in Fig. 1. The desired current

path is illustrated by the black arrows. As a starting point,

we used a design optimized for a grating coupled normala)Electronic mail: benedikt.schwarz@tuwien.ac.at
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incidence detector (20 periods)17 and modified it for single

period operation. The left interface region (injector) is

designed in such a way that a mini-gap is formed around the

upper detector levels to prevent back scattering of excited

electrons to the top InGaAs region. At the same time, a mini

band allows sufficiently efficient refilling of electrons from

the top waveguide core layer to the lower detector level. As

we expect the prevention of back scattering to be a crucial

part, we took a compromise with the mini band being located

slightly to high in energy. There might be some room for

improvement, but according to the experimentally obtained

performance, carrier refilling does not seem to be an issue.

The extractor is similar to those of conventional QCDs and

provides efficient extraction of excited electrons to the bot-

tom waveguide core layer via resonant tunneling and inco-

herent longitudinal optical phonon dominated scattering.

Multiple coupled extractor levels have been used to ensure a

certain reliability against variations between model and real-

ity, which also results in a slightly broader spectral response.

The reduction of the matrix element does not necessarily

reduce the responsivity considerably, as the absorption coef-

ficient should be sufficiently high for the ridge waveguide

configuration.

The active region made from InGaAs/InAlAs, lattice

matched to InP, is embedded in a waveguide similar to those

used for quantum cascade lasers. A highly doped substrate

and a bottom contact layer were used to prevent light coupling

from the substrate. This would lead to a larger effective

detector area and would make the normalization that is

required for the responsivity characterization difficult. The

layer structure of the entire epi-layer starting from the nþ InP

substrate is as follows, with InAlAs barriers in bold: 500 nm

InGaAs (8� 1018 cm�3) contact layer; 1500 nm InAlAs

(1� 1017 cm�3) waveguide cladding; 900 nm (4� 1016 cm�3)

waveguide core; single period active region: 2, 3.6, 4, 3.2, 4,

2.8, 4, 2.4, 4, 2.05, 4, 1.7, 4, 1.45, 4.5, 1.3, 4.5, 1.1, 5.5, 1, 5.5,

0.95, 5.5, 4.3 (8� 1017 cm�3), 3, 3.3, 3, 3.3, 2, 3.4, 1.5, 3.5,

and 1.5 (1� 1017 cm�3); followed by the reversed layer

structure: waveguide core, waveguide cladding, and contact

layer. Chirped superlattice regions were used at all the interfa-

ces between bulk InGaAs/InAlAs and InGaAs/InP to mini-

mize the series resistance. The devices have been processed

as 10 lm wide and 0.5 mm long ridges using UV lithography,

dry etching, SiN passivation, Ti/Au sputtering, and cleaving.

We did not apply an anti-reflection coating. The length of the

ridges was chosen because of practical reasons and was not

matched to the absorption length. Shorter ridges are expected

to give a slightly better noise figure.

The spectral characterization was performed using a

vacuum Fourier transform infrared spectrometer and a ther-

mal source. In order to obtain absolute values for the respon-

sivity, we use a calibrated thermal detector as a reference.

We measured the beam spot with a motorized stage using the

single period QCD. We used the entire waveguide thickness,

including core and cladding, times the ridge width as the

optically active “cross-sectional” area for the normalization

(5 lm� 10 lm), although the actual active optical area might

be smaller. On the other hand, coupling through the substrate

at larger incident angles can also lead to larger optical areas.

We used a highly doped substrate and contact layers to mini-

mize this coupling path and investigated the angle depen-

dence of the coupling efficiency to check if we can indeed

neglect coupling through the substrate. From this, we found

that the coupling through the substrate remains smaller than

5% compared to the part that couples through the facet. The

normalization on the entire waveguide thickness is conserva-

tive enough to account for this contribution. The spectra of

the thermopile detector and the QCD have been measured in

step-scan because of the slow response of the thermopile

detector and the fact that we kept as many parameters as pos-

sible unchanged. Nevertheless, the absolute value will remain

within a certain accuracy limit due to the required normaliza-

tion onto the facet area. The spectral responsivity is plotted in

Fig. 2 for temperatures between 80 and 300 K. We measured

the responsivity to be 0.86 and 1.3 A/W, which corresponds

to external quantum efficiencies of 25% and 40% at room-

temperature and 80 K, respectively.

In order to investigate how close the detector is to the

theoretic limit, we split the external quantum efficiency into

FIG. 1. Conduction band profile and subband levels of the single period

active region. The consideration of the band bending induced by the inter-

face to the bulk InGaAs layers is a key point in the design. The width of the

InGaAs bulk layers in the simulation is chosen large enough to resolve the

band bending.

FIG. 2. Spectral responsivity of the single period ridge detector for linear

polarized light. The peak responsivity and the integral of the spectral

response drop by only 35% and 17% from 80 K to 300 K, respectively.
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the contributions from the facet reflectivity, the probability

that a photon inside the waveguide is absorbed by the active

transition and the probability that an excited electron contrib-

utes to the photocurrent. The first contribution can be easily

increased by 25% by applying a single layer anti-reflection

coating. A better insight into the remaining two contributions

can be obtained using expected efficiencies from our model-

ing tools. From band structure calculations and transport

simulations, we expect an internal quantum efficiency

>90%. From the absorption model for the ridge waveguide

gabs¼Tfacet CaQCD=ðCaQCDþawgÞð1�expððCaQCDþawgÞLÞÞ
and the mode confinement factor C calculated with a 1D

mode simulation, based on a home-built tool to optimize

quantum cascade laser waveguides, we expect absorption

efficiencies of>60%. We experimentally observed a lower

resistance compared to our model, which is a hint that the

doping of the active well is higher than designed. The

absorption efficiency can be increased by a further increase

in the doping, however, with the drawback of a reduced

resistance. Due to the fact that the absorption efficiency satu-

rates to one and that the conductivity increases superlinearly

with doping, due to the shift of the Fermi-level, the Jonson

noise limited detectivity of the device would decrease. A

higher external quantum efficiency can only be obtained

with the price of a smaller detectivity at elevated tempera-

tures and one has to decide which property is more relevant.

The differential resistance at zero bias has been charac-

terized in order to obtain the noise figure in the Jonson noise

limit. The resulting Jonson noise limited specific detectivity

is shown in Fig. 3 together with background limited specific

detectivity and the differential resistance at zero bias. We

want to note that the area normalization of the specific detec-

tivity is not always useful for characterizing a ridge detector.

In the case of direct end-fire coupling, e.g., from a wave-

guide, the signal will not scale with the optical area of the

detector and the detectivity (not normalized on the area) or

the noise equivalent power and a coupling coefficient are

more practical parameters. The noise equivalent power at

room-temperature and of the background limited infrared

photodetector (BLIP) at T< 124 K are NEP ¼ 10 pW=
ffiffiffiffiffiffi

Hz
p

and 3:4 pW=
ffiffiffiffiffiffi

Hz
p

, respectively. The corresponding specific

detectivities are D�J;300K ¼ 7:2� 107 cm
ffiffiffiffi

Hz
p

W
and D�BLIP ¼ 2:1

�1011 cm
ffiffiffiffi

Hz
p

W
. The achieved background limited detectivity is

very close to that of an ideal photodetector. As a comparison,

an ideal photovoltaic detector with the same spectral

response would have D�BLIP ¼ 3:1� 1011 cm
ffiffiffiffi

Hz
p

W
, an ideal

bandgap photovoltaic detector with a cut-off at 4:3 lm

D�BLIP ¼ 2:5� 1011 cm
ffiffiffiffi

Hz
p

W
, and their photoconductive coun-

terparts have half of the given values. One has to note that

amplifier noise can be a significant limiting factor for photo-

voltaic detectors because of the typically small responsivity.

In this case, the external quantum efficiency (or responsivity)

should be optimized, which makes the reduction of the num-

ber of periods even more important.

In conclusion, we demonstrated a single period quantum

cascade photodetector with a responsivity of up to 1.3 A/W.

We used a low-loss dielectric ridge as absorption geometry,

which allowed us to obtain very high absorption efficiencies

with a single period active region. Low noise operation

was achieved by preventing undesired scattering paths. We

achieved a noise equivalent power of 10 pW=
ffiffiffiffiffiffi

Hz
p

at room-

temperature and background limited operation below

124 K with a background limited detectivity close to that of

an ideal photodetector. We envision that by utilizing more

advanced coupling techniques such as fabricating an

antenna, an on-chip lens or tapering of the waveguide, this

type of absorption geometry can be enabled for applica-

tions with a spatially broader beam. Reducing the number

of periods could also be a way to push the performance of

QCDs with meta-material perfect absorption geometries or

high-Q photonic crystal cavities.
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