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Abstract In this paper, we give an overview of quantum
cascade detector technology for the near- and mid-infrared
wavelength range. Thanks to their photovoltaic operating
principle, the most advanced quantum cascade detectors of-
fer great opportunities in terms of high detection speed, re-
liable room temperature operation, and excellent Johnson
noise limited detectivity. Besides some important features
dealing with their fabrication and their general characteris-
tics, we will also briefly present some possibilities for per-
formance improvement. Elementary theoretical considera-
tions adopted from photoconductive detectors confirm that
optimization of such devices always involves various trade-
offs.

1 Introduction

Although intersubband (ISB) photodetectors were first
demonstrated already more than twenty years ago, they re-
main a topic of high scientific and practical interest. These
early devices were photoconductive quantum well infrared
photodetectors (QWIPs) [1]. It was soon discovered that
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QWIPs have many unique properties, especially regarding
high frequency operation. As ISB detectors are unipolar
devices, their fundamental speed limit is the ISB scatter-
ing time of electrons (Tgcaier & 1 ps) rather than the para-
sitic capacitance of the p-n-junction or the finite transit time
through the intrinsic region [2]. This typically results in cut-
off frequencies on the order of 100 GHz [3]. As a further ad-
vantage, ISB detectors can be designed for a wide range of
wavelengths using a single material system just by choosing
adequate semiconductor layer thicknesses. This is in sharp
contrast to interband devices, where the bandgap determines
to a large extent the detectable photon energy.

An excellent overview on the different working princi-
ples of ISB infrared photodetectors is given in a book by
Schneider and Liu [4]. In very basic terms, one can dis-
tinguish between photoconductive and photovoltaic detec-
tors. In the class of photoconductive devices, the most com-
mon detector is the QWIP, where the change of device re-
sistance under illumination is measured. There are several
types of QWIPs; they differ mainly by the kind of ISB tran-
sition exploited. According to the position of the upper de-
tector level, the optical transition can be either bound-to-
quasi-bound [5] or bound-to-miniband [6]. In the widely
used bound-to-quasi-bound QWIP, which was also the first
ISB detector to be demonstrated in 1987, the detection en-
ergy depends on the conduction band discontinuity between
the quantum well (QW) and the barrier material. The QW
thickness and conduction band discontinuity (through the
material composition) are chosen such that the second quan-
tized electronic level is close to resonance with the bar-
rier’s conduction band edge; this measure ensures a good
carrier extraction efficiency under application of an appro-
priate bias voltage. By using the bound-to-miniband de-
sign, the QWIP detection wavelength can be partly decou-
pled from the conduction band discontinuity. Nevertheless,
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a resonance condition between the upper detector state and
the miniband states must be fulfilled in order to obtain a
good responsivity. Today, QWIP focal plane arrays sensi-
tive at wavelengths between 8 um and 10 um have reached
commercial maturity. As a particularly advanced example
of such a QWIP-based camera, Gunapala et al. presented a
high performance 1024 x 1024 pixel dual band focal plane
array based on GaAs/AlGaAs with cutoff wavelengths of
5.1 ym and 8.4 pym [7]. The big advantages of such pho-
toconductive ISB detectors are a high responsivity and a
good detectivity, especially at low operating temperatures.
However, their quite considerable dark current leads to a
non-negligible dark current noise which dominates the noise
budget at higher temperatures. This drawback is only partly
compensated by the relatively high responsivity. In contrast,
a photovoltaic ISB detector profits from the fact that there
is no dark current and thus no dark current noise. Unfortu-
nately, such a device has no photoconductive gain and there-
fore a lower responsivity, but the better noise behavior can
at least partly make up for these shortcomings.

It is therefore somewhat astonishing that over the years,
the development of photovoltaic ISB photodetectors has
seen a slower overall progress. Already back in 1991,
Schneider et al. [8, 9] observed pronounced photovoltaic
effects in an asymmetric multi QW structure. The potential
asymmetry was obtained via a sheet of delta-doping close to
the active QW. As shown by Schneider as well, optimized
photovoltaic QWIPs have superior noise properties, the ca-
pability to operate at higher photon fluxes, and an improved
dynamical range in comparison to a photoconductive QWIP
[10]. Especially with respect to the improved noise behavior,
it is thus no surprise that the first QW-based infrared detec-
tor for THz radiation was a photovoltaic device rather than a
photoconductive QWIP [11, 12]. A similar ISB detector for
mid-infrared wavelengths was later presented by Gendron et
al. [13]; in analogy to the functioning of a quantum cascade
laser (QCL), this device was named quantum cascade detec-
tor (QCD). In such a QCD, the asymmetric potential used
for unilateral carrier transport is formed by a series of QWs
with increasing thicknesses. Interesting enough, a QCD-like
semiconductor structure was invented already in 1987 under
the name ‘optical charge pump’ [14]. Like the bound-to-
miniband QWIP, this device offers more design freedom for
a given material composition. A very schematic comparison
between the band structures of a photoconductive QWIP and
a photovoltaic QCD is shown in Fig. 1.

Compared to a QWIP, the absence of dark current noise
is not the only advantage of a QCD. The missing dark cur-
rent also prevents capacitance saturation in the read-out cir-
cuit and thus allows longer integration times. Finally, the
thermal load of the detector is strongly reduced, which is
of interest if the available cooling is limited, for example
in space-born or hand-held terrestrial staring systems. As
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Fig. 1 Schematic conduction band diagram of a QWIP and a QCD.
In the QWIP, electron transport is accomplished by an external voltage
bias whereas in a QCD, an internal potential ramp ensures the carrier
transport

a final point, the somewhat narrower linewidth of QCDs
compared to QWIPs results in a reduced background pho-
ton noise. Although QCDs have already progressed a lot
[15], they do not yet take full advantage of their potentially
low Johnson noise; mainly because of an insufficiently high
room temperature device resistance. Our most recent results,
which will be presented in this paper, show nevertheless that
QCDs with competitive performance can be achieved using
improved designs.

We will discuss the design principles of QCDs as well
as the choice of material system for the different detec-
tion wavelengths. Experimental results of QCDs at vari-
ous wavelengths are reviewed. First, QCDs based on In-
GaAs/InAlAs lattice matched to InP detecting between
47 um and 10 ym are presented. As lattice matched In-
GaAs QCDs can only detect wavelengths above ~4 um due
to the conduction band discontinuity of 520 meV, an alterna-
tive approach is presented for shorter wavelengths: strained
InGaAs/InAlAs. Finally, a broadband QCD covering the
wavelength region from 4.7 to 7.4 um will be described. We
will also discuss some of the trade-offs to be made when de-
signing improved QCDs; they will lead to certain guidelines
for detectors with particular applications.

2 QCD theory

The electro-optical behavior of QCDs can be described us-
ing exactly the same theory as in QWIPs. The basic optical
process for mid-infrared detectors such as QWIPs or QCDs
is the ISB transition [16]. In contrast to interband transitions,
ISB transitions result in relatively narrow and peaked ab-
sorption features, whereas interband transitions are charac-
terized by spectrally large absorption features with a cut-off
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Table 1 General behavior of

important QCD parameters as a n 8p Rpoxn-gp DgpXRp/ gf,n RoA  Dj R, /RoA  Teup

function of the sheet carrier

density, ng, and the number of ng small ng const NS 1/ng NN const

active QWs, Now ng large 1 const const const 1/ng  1//ng J
Now small  Ngw 1/Now  const Now Now /Now const
Now large 1 I/Now  1/Now const Now 1//Now l

wavelength. The main reason for this striking difference is
the opposite curvature of the electron and hole dispersion
curves in the interband case and the parallel curvature of the
electronic subbands in the ISB case. The current responsiv-
ity of a QCD, R, is defined as detector output current /g
per unit of input signal power Ps and is given by

Is q Agq Pe

. = 7 N8p=7"T8p> gp:Npr
3

= = — 1
P Ps  hvu hc M

where v = ¢/A is the signal frequency, A the signal wave-
length, ¢ the vacuum speed of light, g the elementary charge,
h Planck’s constant, 1 the absorption efficiency, and g, the
photodetector gain. Furthermore, p, is the escape probabil-
ity of an excited electron in the active QW, p, its capture
probability into the active QW ground state, and Nqw the
number of active QWSs. Optimization of Rp is thus accom-
plished through improvement of both absorption efficiency
and photodetector gain. For sufficiently low absorptions, the
total absorption efficiency is proportional to the absorption
efficiency of a single QW. However, since the detector gain
is inversely proportional to the number of QWs, the cur-
rent responsivity is in first approximation independent of the
number of periods.

Another common figure of merit for photodetectors is
the detectivity D* = R,,/i,/AAf, which is the ratio be-
tween peak responsivity R, and mean noise current i, (or
the inverse noise equivalent power) normalized by the de-
tector area A and the measurement bandwidth A f. Its units
are cm Hz%3 /W, also known as Jones. For any given in-
frared detector, the detectivity D* reveals two distinct tem-
perature regimes. At low temperatures, D* is dominated by
photon noise due to the 300 K blackbody radiation seen
by the device. This is the background limited operating
(BLIP) regime. Above a certain temperature, 7grip, other
noise mechanisms become dominant. For a QWIP, D* at
T > Tgryp is determined by dark current noise, whereas the
detectivity of a QCD is dominated by Johnson noise. Taking
into account these different facts, we get for the detectivity
of a QCD

RpA
D% = —
I 7P\ akgT
2
* RP ( )
Dgpp =

\/Zngp [ gpn(v)42BG gy

where Ry is the differential device resistance around 0 V,
T the device temperature, and d®pg(v')/dV’ the spectral
background photon flux density. For a QCD, D* is maxi-
mized by ensuring a high device resistance (thus a low John-
son noise) without lowering the escape probability and thus
the detector gain. The most important design parameters are
the layer thicknesses (determining the band profile as dis-
cussed below), the doping density n; of the active QW, and
the number of periods Now.

Let us first have a look at the dependency on the dop-
ing density (sheet carrier density) n; (see also Table 1).
As long as the absorbance is small, Nowazp < 1, so that
n =1 — exp(—Nqwaap) ~ Nowazp, the absorption effi-
ciency n and thus the responsivity R are proportional to a2 p
and thus to the doping density ng [15]. Looking at (2), it
follows that D, |, is proportional to /ng. As the device
resistance decreases proportionally in 1/ng, D is propor-
tional to ,/ny as well. In this case, Tgrp remains constant.
This does, however, not imply that ng should be as high as
possible. The absorption efficiency n cannot become larger
than 1 and therefore saturates for too high doping concentra-
tions. For high n,, R and Dy, |p therefore saturate, whereas
D7 oc 1/ /ng decreases with a further increase of ng. This
leads to a decrease in Tgy 1p as well.

Similar considerations can be made regarding the depen-
dency on the number of periods Ngw. Assuming again that
Nqowasp < 1 (small absorption) and thus n o< Now, R is
independent of the number of periods Now and Dg; p in-
creases with \/Nqw. As the device resistance grows lin-
early with Nqgw, the Johnson noise dependent detectivity
D7 shows the same behavior as Dg; 1p: D o< \/Now. This
means again that 7gy jp does not change. For large Nqw, the
aforementioned assumption of small absorption is not true
anymore, 1 and DELIP saturate, R is proportional to 1/Nqw,
and Dj is proportional to 1/,/Nqw : TgLip decreases. As a
conclusion, we notice that for any given doping density, an
ideal number of periods must be found. This is also shown in
Fig. 2 where a two-dimensional plot of D7 as a function of
the number of periods and the doping density is shown. [f—
for instance—the doping density is increased (at constant
number of periods), the responsivity increases as well. How-
ever, the resistance goes down, leading to a maximum in D’J‘.
The same effect can be seen when increasing the number of
periods (at constant doping density). Although the resistance

@ Springer



316 D. Hofstetter et al.
Fig. 2 Two-dimensional T . T
representation of the Maximal D*
Johnson-noise limited o S N1021, 100 K
detectivity of a QCD. The £ )
simulation is based on (1) and - 0
(2) and was done for a 7.5 um E’ > n 10779
device at 100 K 8 < 10 Jones 5
3
2 i«
g 5
g g
o @ .
=] 10
Number of periods
Fig. 3 Calculated conduction -
band profile of a QCD for N538: 5 ym QCD InAlAs / InGaAs 30 periods
5.3 um. QW A is the active QW, 05._— A = B w CTDTETFTG 251 H 5] A 3
QWs B to H form the extractor “E E
cascade 3 E
04F n - &
o 03F —1T 3
> 3 — a 3
= 3 — = =
S 02k /\ g -~ 3
Xl 2 B -t E
00f L= i S 2 N P I P4 I 73 [ Y ) 2 E
n, =236 10" cm”
Dassatonsslonsnstonnslannstonnslonnstonnslonnstannslannyly
0 100 200 300 400 500 A

goes up, the responsivity will start to decrease: in total, we
will again get a maximum in the detectivity.

3 QCD design

The quantum-mechanical polarization selection rule [17]
dictates that only the electric field component perpendicu-
lar to the QW layers interacts with ISB transitions. There-
fore, vertical incidence of the incoming radiation has to be
avoided. Possible device geometries taking into account the
polarization selection rule include a 45° wedge multi-pass
geometry, the Brewster geometry, or a surface grating. The
particular choice of sample preparation is determined by fac-
tors such as the absorption strength of the sample or the spe-
cific application case of the detector.

The most crucial design aspect of ISB devices is the
quantum-mechanical band structure. It can be calculated us-
ing numerical Schrédinger equation solvers. A typical band
structure of a QCD is shown in Fig. 3. QW A is the ac-
tive doped QW, while QWs B-H form the nominally un-
doped electron extraction cascade. The transport from the
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active QW into the extraction region is guaranteed via a
resonant tunneling process between the excited state in the
active QW, A, and the ground state of QW B; this allows
for a thick barrier between the active QW and the extractor.
To achieve an efficient electron extraction through phonon
assisted scattering, the energy difference between the in-
dividual extractor states should be close to the longitudi-
nal optical phonon energy Ejo (GaAs: Epp = 36 meV,
Ing 53Gag 47As: E1o =32 meV).

4 QCD devices

There are various photodetector applications in the mid-
infrared spectral range. They include pyrometry, spec-
troscopy, night vision, and sensing of hot spots. In the
first part of this section, experimental results obtained from
QCDs sensitive at wavelengths between 4.7 um and 9.8 pm
(126 meV-268 meV) are presented. The investigated sam-
ples consist of Ing 53Gag47As QWs and Ing 52 Alg.4gAs bar-
riers lattice matched to InP substrates. All layer structures
were grown by molecular beam epitaxy (MBE) in order to
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Fig. 4 Responsivity of the ISB
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achieve a high interface quality between QWSs and barriers.
Growth started with a 6000 A thick Ings53Gag47As lower
contact layer followed by 30 repetitions of the active region
and a 2000 A thick Ing 53Gag.47As upper contact layer. De-
tails on the layer thicknesses can be found in reference [18].
From a design point of view, the samples shown here are
based on the QCDs presented in reference [19]. They have,
however, thicker barriers to increase device resistance. Af-
ter growth, the samples were polished into 45° multi-pass
waveguides for absorption tests; for photocurrent measure-
ments, mesas were processed using standard photolithog-
raphy and wet etching. Contacting was obtained through
evaporated metal contacts.

Figure 4 shows the measured responsivity spectra of the
three samples for temperatures at 300 K. These responsiv-
ity spectra need to be compared with the grey-shaded ab-
sorption spectra. Excellent agreement is observed. For the
two shorter wavelength samples, the peak detection ener-
gies of 268 meV/2144 cm~! and 168 meV/1344 cm™! cor-
respond well to the simulated ones of 266 meV/2128 cm™!

and 165 meV/1320 cm™!, respectively. For the longer wave-
length sample, the observed value of 127 meV/1016 cm™!
is slightly too large with respect to the designed 118 meV/
944 cm~!. Figure 5 shows the RoA-products for all three
samples as a function of inverse temperature. Activation en-
ergies of 210 meV, 168 meV, and 78 meV were observed
for the 4.7 ym, 7.6 um, and 9.8 um samples, respectively.
Via (2), we calculated a background-limit temperature and
detectivity of T ip = 45 K and 2 x 10! Jones, respec-
tively, for the 4.7 pm QCD. Because of their lower device
resistances, the two other QCDs show detectivities remains
below Dy p for all investigated temperatures. They reach
values of 5 x 10° Jones at 100 K for the 7.5 um QCD and
9 x 103 Jones at 100 K for the 9.8 um QCD.

The conduction band discontinuity of the lattice-matched
In,Ga;_, As/Iny Alj_y As heterostructures can be increased
from the lattice-matched value of 520 meV at x = 0.53,
y = 0.52 by raising the In content above 53% in the In-
GaAs QW and reducing it below 52% in the InAlAs bar-
rier. However, the modified In contents introduce strain be-
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Fig. 6 Top: temperature evolution of the responsivity spectra of the
strained InGaAs/InAlAs QCD between 5 and 300 K. Bottom: energy of
peak responsivity and spectral linewidth as a function of temperature.
The relative linewidth increases from 4.4% at 5 K to 6.6% at 300 K
and the temperature tuning coefficient is —0.275 cm~! /K

tween the barrier and QW layers and the InP substrate.
Since these strains are of opposite sign, namely tensile in
the barrier and compressive in the QW, a nearly strain com-
pensated pseudomorphic active region can be obtained by
choosing appropriate layer thicknesses and material compo-
sitions. Using strained Ing g1 Gag 39As/Ing 42Alps5sAs with
a band discontinuity of 610 meV [20], a 10 period QCD
with a peak detection energy of 319 meV (3.88 um) could
be fabricated [21]. Its active region consisted of 60% bar-
rier material; hence a small residual strain of 0.1% towards
the InP substrate remained. Due to the relatively small total
thickness of the detector, this small lattice mismatch did not
lead to a relaxation of the crystal. The measured responsivity
shown in Fig. 6 (top) has a maximum value of 10.7 mA/W
at 318 meV (3.9 um) and 150 K. The measured transition
energy corresponds well to the simulated ISBT energy of
319 meV, demonstrating that both growth and simulation of
0.5% strained InGaAs/InAlAs heterostructures have a high
maturity just as the lattice-matched InGaAs/InAlAs. Insert-
ing the measured room temperature peak absorption per
double pass of 6% and the corresponding peak responsiv-
ity of 5.8 mA/W at 300 K into (1) results in a 30% escape
probability p, of photoexcited electrons from the main QW
into the extractor. The Johnson noise limited detectivity D
of this short wavelength QCD was calculated with the mea-
sured RgA and peak responsivities; it equals 4.9 x 107 Jones
at 300 K and reaches the background limited detectivity
D}y p = 1.2 x 10! Jones (for 300 K background temper-
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ature and a hemispherical FOV) at T 1p = 108 K. The evo-
lution of the linewidth and the responsivity peak position is
shown at the bottom of Fig. 6.

A potential application for fast mid-infrared photodetec-
tors is heterodyne spectroscopy, which allows distinguishing
spectrally close absorption lines. This spectroscopic method
requires mid-infrared detectors capable of multi-GHz op-
eration. In order to obtain a preliminary estimation on the
frequency response of a 5.46 um QCD, such a device was
tested using an optical heterodyne beat setup [22]. For this
experiment, the detector was held at room temperature. The
optical input signal was generated by two collinearly over-
laid CW operated distributed feedback QCLs with identi-
cal emission wavelengths around 5.4 um. By modifying the
drive current of one of the QCLs, its emission frequency
was slightly shifted resulting in a beat signal with a rep-
etition rate equal to the difference frequency between the
QCLs. The detector response showed a second order low-
pass characteristic which could be described with an RLC
circuit taking into account the input impedance of the am-
plifier R, the parasitic capacitance of the QCD, C, and the
bond wire inductance, L. The corner frequency was 4 GHz
and the cutoff frequency 23 GHz. Our simple theoretical
model confirmed that the frequency response was limited
by the sample mount. Due to the ultra-fast phonon-electron
scattering, a cutoff frequency of roughly 65 GHz is expected
for these detectors, similar as with the QWIPs presented in
reference [2].

5 Outlook

Figure 7 shows an overview of the different QCDs fabricated
so far in our labs. One can see that there exist three mater-
ial families, which fall into the three interesting wavelength
ranges. There are GaAs/AlGaAs devices for the far-infrared
(84 um, not shown in the figure), InGaAs/InAlAs detectors
for the mid-infrared (3.9-17.5 pm), and InGaAs/AlAsSb
QCDs for the near-infrared wavelength range (2.1-2.5 pum).
It is quite obvious that the detectivities of the shorter mid-
infrared devices are closest to the theoretical maximum.
Therefore, any future effort will without any doubt con-
centrate on an improvement of the detectivity of QCDs in
the technologically most important 5-10 um range. Sam-
ples N973 and N975 show also a very high detectivity, but
they had to be cooled to 5 K to achieve these good values.
The reason for their high resistance and thus nearly ideal
detectivity was the use of regular superlattice extraction re-
gions with a relatively poor conductivity in growth direc-
tion. For each specific application of a QCD, a different set
of parameters needs to be optimized. For a detector in py-
rometry, the responsivity close to room temperature should
be as large as possible, while spectrally narrow detection
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Fig. 7 Detectivity as a function
of detection wavelength for all 12
near- and mid-infrared QCDs
presented in this article. It is
obvious that the devices
between 4.7 um and 10 pm offer
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is not necessarily an advantage. In highly sensitive spec-
troscopy applications, a narrow detection window together
with a good detectivity would be highly desirable. For ap-
plications such as heterodyne spectroscopy, high frequency
operation would be required. In a night vision system, fi-
nally, one would like to have a good detectivity, but not nec-
essarily at room temperature. Such a system could very well
function at cryogenic temperatures and at low frequencies.
Several of the requirements of such a hypothetical wish list
are contradictory; therefore, one has to make trade-offs. For
instance, someone could be tempted to increase the room
temperature resistance by making very thick barrier layers.
This would result in a better Johnson noise behavior, but
since thick barriers will decrease the tunneling probabilities,
the detector would certainly end up slower than before. Or in
an effort to increase the responsivity against spectrally broad
blackbody radiation, one might try to make a broadband de-
tector. But this will increase the background noise floor and
therefore decrease the BLIP detectivity of the QCD. Here,
we review briefly some possibilities for improved detectors:

Recently, a spectrally broad mid-infrared QCD based on
lattice-matched InGaAs/InAlAs with a relative linewidth of
27% was designed and fabricated [23]. It made use of 26
carefully designed active region stages spanning a wave-
length range between 4.7 and 7.4 pm. The device worked
with a responsivity in excess of 10 mA/W at 150 K and
1.5 mA/W at 300 K. The detectivity was somewhat lower
than in a standard narrowband QCD, but still acceptably
high (D}, ;p =2 x 10'° Jones at Tgrip = 40 K).

As already stated above, pyrometers should possess a
good detector response at temperatures close to 300 K. For
this purpose, one has first to grow thick barriers to reduce
the electron-phonon scattering rates between adjacent peri-
ods and to secondly push all extractor states towards higher
energy using thinner QW layers. Due to a reduced ground
state coupling and less thermal activation of electrons, these
measures will result in a considerably higher device resis-
tance, especially at room temperature. Since the resistance

Peak detection wavelength [um]

does not only improve the Johnson noise limited detectivity,
but also prevent leakage currents in the device, this will def-
initely increase QCD performance in terms of response. On
the other hand, thicker barriers will slightly reduce the de-
tection speed. In Fig. 8, we show simulated resistance-area
products for the 4 um QCD shown previously, and for an
improved version of it. It is obvious that there occurs a fac-
tor of 100 in the Ry A-product which results in a factor of 10
improvement in the Johnson noise limited detectivity.

For high-speed operation, it is clear that phonon reso-
nance and efficient scattering processes in the extraction re-
gion are an absolute necessity. For this reason, barrier layer
thicknesses should not be too large. As the 23 GHz cutoff
frequency of a QCD in this article have shown, a more so-
phisticated sample mounting adapted to high frequency op-
eration will have a positive effect on the detector speed. To-
gether, these measures should enable detector operating fre-
quencies closer to the theoretical maximum.

6 Conclusions

QCDs are a promising technology which has proven to work
well at wavelengths from the near infrared to the THz re-
gion as presented in Fig. 7. The design process of QCDs
is reliable and robust. Especially in the mid-infrared range
around 4 to 17 um, well established semiconductor material
systems and processing methods are available. Accordingly,
we demonstrated QCDs in the near-IR fabricated from In-
GaAs/AlAsSb, in the mid-IR using InGaAs/InAlAs, and in
the THz-region using GaAs/AlGaAs materials. A chirped
QCD design is a first step towards semiconductor-based ISB
detectors for spectrally broad applications. Together with the
high speed and design flexibility, this makes QCDs very
interesting candidates for applications in this wavelength
range. Considerable margin for improvement, especially in
terms of room temperature detectivity and responsivity, has
been identified.
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