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In this letter, we introduce the InAs/AlAsSb material system for quantum cascade detectors

(QCDs). InAs/AlAsSb can be grown lattice matched to InAs and exhibits a conduction band offset

of approximately 2.1 eV, enabling the design of very short wavelength quantum cascade detectors.

Another benefit using this material system is the low effective mass of the well material that

improves the total absorption of the detector and decreases the intersubband scattering rates, which

increases the device resistance and thus enhances the noise behavior. We have designed, grown,

and measured a QCD that detects at a wavelength of k¼ 4.84 lm and shows a peak specific

detectivity of approximately 2.7� 107 Jones at T¼ 300 K. VC 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4929501]

Quantum cascade detectors (QCDs) are intersubband

photodetectors whose properties are determined by quantum

engineering and thus provide a vast design and optimization

freedom. Since the first demonstration of the QCD, people

worked to optimize the detector performance, as well as to

extend its detection frequency range.1–7 So far, detection has

been demonstrated from the near-infrared to the THz region,

but room-temperature operation with decent device perform-

ance has been reached only in the mid-infrared and near-

infrared.8–12 When aiming for higher transition energies, the

material systems conduction band offset (CBO) is usually

the limiting material property. To extend the detection range

of QCDs, different material systems have to be explored.

One of the recent material systems, where QCDs have

already been demonstrated, is the II-VI based ZnCdSe

and ZnCdMgSe, which provides a high CBO of up to

DEc � 1.1 eV.11 Another material with a high CBO is GaN/

AlGaN, where detectors down to a wavelength of 1 lm were

demonstrated.10 Although the demonstrated II-VI or III-N

based QCDs showed excellent performance in terms of spe-

cific detectivity, they exhibited a low responsivity. A reason

for the low responsivity could be the high electron effective

mass of me� 0.13m0 for the II-VI system and me� 0.2m0 for

GaN. To explain this behaviour, we use the definition of the

responsivity for QCDs, which is given by

R ¼ ke

hc
gpe

1

N
; (1)

where g is the absorption efficiency, pe is the extraction effi-

ciency, and N is the number of QCD cascades. The absorp-

tion efficiency is the probability that a photon that travels

through the QCD material induces an electronic transition

between the two optically active energy levels. The extrac-

tion efficiency is the probability that an excited electron

escapes the active well and tunnels through the extractor into

the ground level of the next cascade and thus contributes to

the photocurrent. For a given doping density, the absorption

coefficient of the QCD material is inversely proportional to

the electron effective mass, i.e., the smaller the effective

mass the larger the absorption.2 From this perspective, a ma-

terial system for short wavelength QCDs should exhibit a

small effective mass combined with a sufficiently large con-

duction band offset.

In this letter, we introduce the InAs/AlAsSb material

system for quantum cascade detectors. QCDs that are fabri-

cated from this material system benefit from the very high

conduction band offset of DEc� 2.1 eV combined with the

low effective mass of InAs, which is me¼ 0.021m0.13 Since

the QCD was measured in a 45� polished facet mesa configu-

ration, the bandgap of InAs, which is only 0.354 eV, is

imposing an upper limit to the detection range. Incident radi-

ation with an energy above the bandgap is absorbed while

passing through the substrate by generating electron hole

pairs. One way to improve on this limitation is by processing

the device as freestanding slab14 and using superlattice con-

tacts to artificially increase the transition energy between

states in the valence and conduction band. The conduction

band diagram of the QCD we have designed, grown, and

measured is depicted in Figure 1. The QCD was designed

using a semi-classical Monte-Carlo transport simulator,

which is part of the Vienna Schr€odinger Poisson (VSP)

framework.15 In contrast to longer wavelength designs,

where a diagonal transition design is more favorable, we

have chosen to use a vertical transition design.12 At such

high transition energies, the scatter rate of excited electrons

in the upper absorption level back to the lower absorption

level is much smaller than into energetically closer extractor

levels. Thus, the extraction efficiency is already large, even

without a diagonal optically active transition. In fact, the

most limiting factor for low wavelength detectors is the

decreasing absorption coefficient. Thus, it was the goal to

make the dipole matrix element as large as possible, while

keeping a sufficiently large extraction efficiency. Since thisa)Electronic mail: peter.reininger@tuwien.ac.at
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is the first InAs/AlAsSb QCD and the growth of this material

is still a challenge due to group V mixing, we aimed for high

robustness against growth deviations, rather then optimum

performance. This was achieved by reducing the thickness’s

of all barriers, and thereby increasing the coupling of the

individual levels. Also, the extraction is not based on reso-

nant coupling of two distinct states. In this design, we have

two first extractor states, one energetically higher than the

upper absorption level, the other one lower. This should

keep a high extraction efficiency even if the layer thicknesses

of the grown sample deviate from the design.

The sample was grown in a Riber molecular beam epi-

taxy (MBE) system on a free-standing n-InAs (001) substrate.

The 30 cascades of the QCD are sandwiched between a

600 nm Si-doped InAs bottom contact layer and a 200 nm Si-

doped InAs top contact layer. Before growth, the oxide was

thermally desorbed at 510 �C for 20 min under an As2 flux.

After desorption of the oxide, a 50 nm InAs buffer layer was

grown at 480 �C. The temperature was then lowered to

400 �C to grow the heterostructure. For the group V materials,

valved cracking cells were used. To produce As2 and Sb2, the

cracking zone temperatures were set to 850 �C and 1000 �C,

respectively. The InAs growth rate was 0.5 lm h�1, while

AlAsSb was grown at 0.18 lm h�1. To ensure high crystal

quality, the As2 pressure was calibrated using the technique

described in Ref. 16. The quality of both the InAs and the

AlAsSb layers was examined by Atomic Force Microscopy

(AFM) on bulk samples prior to the growth of the QCD. The

grown heterostructures were measured with double and triple

axis high resolution X-ray diffraction (HRXRD). When

growing layers with mixed group V materials in MBE, usu-

ally, special care has to be taken with respect to controlling

the interfaces. Similar structures reported in literature often

employ special shutter sequences at each interface to mini-

mize the cross incorporation of the group V materials and

thereby enhance the quality of the interface.17–19 These

growth interrupts, however, significantly prolong the growth

time, e.g., with respect to the sequence described in Ref. 20

by 50% for this sample. For this study, growth interrupts

have been omitted completely in order to reduce the total

growth time. The processing of the devices starts with the

definition of the mesa by lithography and wet-chemical etch-

ing with H3PO4:H2O2:H2O (3:4:40). Using the given etching

recipe, we observed an etching rate of 5.5 nm/s. In the next

step, both bottom and top contacts are defined by lithography,

Ti/Au sputtering, and lift-off. Ti/Au is sufficient to produce

ohmic contacts even for low doped contact layers because of

the large number of surface states of InAs. To measure the

spectral response, a Fourier-transform infrared spectrometer

was used with a Globar broadband light source. The mesa

devices were illuminated through a 45� polished facet. The

measured photocurrent spectra at different operation tempera-

tures are shown in Figure 2. We were able to verify that the

peak originates from the designed intersubband transition by

comparing the photocurrent spectrum for TM and TE polar-

ized incident light. A peak responsivity of 1.9 mA/W for

4.84 lm was measured at T¼ 300 K.

Another consequence of the lower effective mass is a

decrease of the intersubband scattering rates, which deter-

mine the extraction efficiency and the resistance of the QCD.

The most dominant scattering mechanism for QCDs at tem-

peratures around 300 K is LO-phonon scattering. The scatter-

ing rate from one initial state i to another final state f can be

calculated by

1

sLO
¼ mee2ELO

2�h2
1þ nð Þ 1

e1
� 1

eS

� �

�
ð ð

dzdz0w�f zð Þwf z0ð Þwi zð Þw� z0ð Þ

�
ð2p

0

dh
e�Qjz�z0 j

Q
; (2)

where ELO is the LO-phonon energy, e1 is the high-

frequency dielectric constant, eS is the static dielectric con-

stant, n is the temperature dependent LO-phonon population,

and Q is given by

Q ¼ k2
i þ k2

f � 2kikf cos h
� �1

2

; (3)

FIG. 1. The conduction band diagram of our InAs/AlAsSb QCD. The optical

transition takes place between the two levels in the blue shaded well. An

electron is excited from the lower to the upper state. From there, it can

escape into the extractor, eventually reaching the ground level of the next

cascade and contributing to the photocurrent. The device was not optimized

for maximum performance, but for high robustness. The layer thicknesses in

nm are 2.0/8.0/3.0/3.4/2.0/3.5/2.0/3.6/2.0/3.8/2.2/4.0/2.4/4.2/2.6/4.4/2.8/4.6/

3.0/4.8/2.2/5.0 with the underlined layer doped at n¼ 4 � 1017 cm�3. The

doping position is also indicated as shaded blue region. The barriers are indi-

cated in bold.

FIG. 2. Measured responsivity spectrum at different temperatures of the

InAs/AlAsSb QCD.
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k2
f ¼ k2

i þ
2m�

�h
Ei � Ef � ELOð Þ; (4)

where ki and kf are the wavevectors of the initial and final

state.21 As long as there is no bottleneck in the extractor, the

extraction efficiency is mostly determined by the ratio

between the scattering rate between upper and lower absorp-

tion level, and upper absorption level and extractor levels.

Since both rates decrease equivalently with a smaller effec-

tive mass, the effects cancel out. Still, the reduction of the

scattering rates improves the specific detectivity by a reduc-

tion of the noise. The dominant noise mechanisms for QCDs

are shot noise and Johnson noise.22 Both can be evaluated by

a unified model, where each transition is replaced by a con-

ductor G that can be calculated by

4kbTG ¼ 2e
qi

sij
þ

qj

sji

� �
: (5)

The noise spectral density (NSD) per period then given by

NSDperiod ¼ 4kbTGperiod; (6)

where qi is the carrier population in state i, and sij is the scat-

tering time between states i and j. The total noise of a QCD

is determined by the network of electronic transitions, the

amount of carriers, and the scattering rates. Thus, in accord-

ance with Equation (2), the lower effective mass leads to a

reduction of the scattering rates, which increases the device

resistance and thus further improves the specific detectiv-

ity.23 The measured differential resistance around zero bias

and the specific detectivity at different temperatures is shown

in Figure 3. A specific detectivity of 2.7� 107 Jones is

obtained at a temperature of T¼ 300 K.

In conclusion, this work reports on InAs/AlAsSb as ma-

terial system for QCDs. The material provides a high con-

duction band offset together with a low effective mass. The

conduction band offset shifts the absorption limit to higher

energies, while the low effective mass directly increases the

absorption coefficient of the QCD material and reduces the

noise. This device was optimized for robustness rather than

optimum performance and showed a peak responsivity of

1.9 mA/W at a wavelength of k¼ 4.84 lm together with a

specific detectivity of approximately 2.7� 107 Jones at

T¼ 300 K.
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