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High performance, room temperature, broadband II-VI quantum cascade

detector
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(Received 29 July 2015; accepted 20 September 2015; published online 5 October 2015)

We report on the experimental demonstration of a room temperature, [I-VI, ZnCdSe/ZnCdMgSe,
broadband Quantum Cascade detector. The detector consists of 30 periods of 2 interleaved active-
absorption regions centered at wavelengths 4.8 um and 5.8 um, respectively. A broad and smooth
photocurrent spectrum between 3.3 um and 6 um spanning a width of 1030 cm™" measured at 10%
above baseline was obtained up to 280K, corresponding to a AE/E of 47%. Calibrated blackbody
responsivity measurements show a measured peak responsivity of 40 mA/W at 80 K, corresponding
to a detectivity of about 3.1 x 10'cmy/Hz/W. Bias dependent photocurrent measurements
revealed no significant change in the spectral shape, suggesting an impedance matched structure
between the different active regions. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4932538]

Broadband infrared detectors are useful in various appli-
cations, the most important and extensive of which are in
making infrared cameras used in military applications, astro-
nomical observations, and spectroscopy. Existing solutions
like HgCdTe detectors offer high sensitivity only at cryogenic
temperatures, and cannot be used in high-speed applications
such as heterodyne spectroscopy. In this context, intersubband
(ISB) infrared detectors like Quantum Well Infrared
Photodetectors (QWIPS)1 and Quantum Cascade Detectors
(QCDs)? have become attractive options to develop sensitive,
high-speed, and portable detectors. Because these intersubband
detectors are not limited by material bandgap, they can be
used to demonstrate spectrally broadband detection.
Historically made from lattice-matched GaAs/AlGaAs system,
initial attempts at developing broadband QWIPs®>~ were re-
stricted to the long-wavelength regime. In order to extend
wavelength coverage and improve performance, other materi-
als like strain-balanced InGaAs/InAlAs system,8 nitride-based
system,9 Sb-based materials,lo and more recently, quantum-
dot devices'' have been explored. While functional, in princi-
ple, many of these materials suffer from issues like carrier
scattering into satellite valleys, size non-uniformity of quan-
tum dots, or internal fields that complicate design.

On a similar note, broadband detectors have been made
from different materials including InGaAs/InGaAsP,12 strained
Si/Si-Ge," or SiGe quantum dots.'* Broadband detection in
the mid-wave infrared (5-8 yum) was demonstrated using
QCDs," achieving a peak responsivity of 13mA/W at 10K,
by stacking 26 different active stage designs. More recently,'®
a QCD operating in two spectral bands was demonstrated.
QCDs have superior noise properties compared to QWIPs
owing to their operation at zero bias, and are therefore suitable
for high sensitivity applications.

Yaravikum@ princeton.edu
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The II-VI ZnCdSe/ZnCdMgSe material system is
well suited to develop broadband infrared detectors from the
near-IR to long-wave IR because of the large conduction band
offset of up to 1.1eV,"” and the absence of satellite valleys
near the I' point of the conduction band of the well."®
Previously, we have demonstrated long-wave QWIPs,'® room-
temperature short-wave QWIPs,?® and a high-detectivity II-VI
based Quantum Cascade detector”' using this material system.
In this paper, we demonstrate what could arguably be called
the poster-child for the capability of II-VI materials—a room
temperature, broadband QCD. We use a two interleaved
active-absorber regions to achieve a spectral width of over
IOOOcmfl, a peak responsivity of 40mA/W, and a back-
ground limited detectivity of over 10'° cmy/Hz/W at 80K.

The energy states and wavefunctions of the detector were
calculated within a one-band conduction band model with an
energy dependent effective mass that accounts for band mix-
ing and non-parabolicity effects.”> The broadband detector
consisted of two interleaved active absorber regions, each
with center wavelengths at 4.8 um and 5.8 um, respectively.
Figure 1(a) shows the conduction band diagram of the long
wavelength absorber, with a transition energy centered at
212meV. The upper detection level consists of three coupled
states with transition energies 204meV, 212meV, and
223meV. Similarly, the transition energies of the three
coupled upper detection states of the short-wave core (see
Figure 1(b)) are 240meV, 252 meV, and 267 meV. The main
detection well in each of the two active absorbers is Chlorine
doped to 1 x 10'® cm™3. The states in the extractor region are
separated by about one longitudinal optical phonon in energy
(about 35meV in II-VI materials) to facilitate fast carrier
relaxation towards the next period. For the remainder of this
paper, a period of this detector will be defined as the sum of
the periods of the two individual active absorber regions, cor-
responding to a total length of 74.7 nm. Thirty periods consist-
ing of Zng 51Cdg 49Se wells and Zng 20Cdg 26Mg, 45S€ barriers

© 2015 AIP Publishing LLC
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FIG. 1. A portion of the conduction band diagram of the (a) long-wave and the
(b) short-wave absorber regions of the broadband detector. The layer thick-
nesses (in Angstroms), starting from the main detection well for the long-wave
core, are as follows: 44/28/14/28/14/30/17/26/21/28/26/30/33/28,
where the Zngs Cdp4oSe wells are given in normal font while the
7n 29Cdg 26Mg 45Se barriers are in bold font. The underlined layers are doped
to 1 x 10" cm—3. The layers thicknesses of the short-wave core are as follows:
38/28/11/28/11/28/13/30/16/26/19/28/23/24/29/28. Forward bias in
these QCDs is indicated by an arrow.

were grown using Molecular Beam Epitaxy (MBE) on a
semi-insulating InP substrate. The active core was sandwiched
between highly doped (Cl: 1 x 10'® cm™3) top (100 nm) and
bottom (800nm) contact layers. X-Ray diffraction measure-
ments showed sharp satellite peaks indicating good growth
quality, and a measured period of 71.2 nm, corresponding to a
5% reduction in the layer thicknesses. Photoluminescence
measurements on a single ZnCdMgSe barrier layer grown im-
mediately after the detectors indicated a barrier material
bandgap of 2.92eV at 300K, higher than the 2.8 eV used in
calculations corresponding to a higher Mg content in the qua-
ternary layers. The combined result of these two deviations
will result in the detection wavelength to be blue shifted com-
pared to designed values. These wafers were then processed
into rectangular mesas, 310 um x 485 um using standard opti-
cal lithography and wet chemical etching methods. Top and
bottom contacts of Ti (20 nm)/Au (200 nm) were deposited by
electron beam evaporation. The top of the mesa has an open-
ing 300 um x 300 pum for optical measurements.

Figure 2(a) shows the dark current-voltage (I-V) charac-
teristics of the device as a function of temperature. At an
applied bias of 500mV, the dark current density increases

Appl. Phys. Lett. 107, 141105 (2015)
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FIG. 2. (a) Temperature dependent dark current-voltage (I-V) measurements
of the detector. The device differential resistance (R), whose square-root is
directly proportional to the Johnson noise current, decreases from about
1.8 MQ at 80K to 50Q at 300K. Positive fields (negative voltages) corre-
sponds to forward biasing the detector. (b) Arrhenius plot of the device dark
current, showing an effective activation energy of 180 meV.

from about 2.4 mA/cm? at 80K to about 6.7 A/cm? at 300K.
The asymmetric nature of the I-V is consistent with the band
structure of the detector. The product of the area of the device
(A) and its differential resistance at 0 V bias (Ry) is indicative
of the Johnson noise in the detector. An Arrhenius plot of the
device differential resistance is shown in Figure 2(b). The
RoA product of this detector decreases from about 2.7 kQ cm?
at 80K to about 0.075Q cm? at 300K, corresponding to an
activation energy of 180 meV. Given the broadband nature of
the transition, this value of activation energy can be inter-
preted as an average thermal energy required for conduction
under dark conditions.

Figures 3(a) and 3(b) summarize the spectral characteris-
tics of the broadband detector. These measurements were taken
using a Fourier Transform Infrared Spectrometer (FTIR) with
the device at 45° to incoming radiation. It should be noted that
the spectral measurements up to 220K were obtained in the
fast-scan mode of the FTIR. For spectra beyond 220K, the
FTIR light source is sampled using a mechanical chopper at
279 Hz, and the amplified photocurrent is detected using stand-
ard lock-in techniques. No significant difference was found in
the spectral characteristics measured using the two methods.
The detector has a broad as well as smooth spectral response
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FIG. 3. (a) Bias dependent normalized spectral photocurrent characteristics
of the broadband detector at 80K taken using an FTIR. A smooth and broad
spectrum was obtained between 3.3 um and 6 um, with a spectral width of
1030cm™" measured at 10% above baseline, corresponding to a AE/E of
47%. A slight red shift in the peak wavenumber can be seen as bias increases
from OV through 3 V. This is the result of some impedance mismatch
between the two active absorbers. (Inset) Absolute integrated photocurrent
as a function of applied bias. Due to the asymmetric nature of the bandstruc-
ture, we see a monotonic increase in responsivity with increasing bias. (b)

Temperature dependent photocurrent spectrum at zero bias plotted on a log-

scale. The broad spectral response seen at 80K with a width 1030cm ™" was

obtained through 280 K. A peak responsivity of 40 mA/W was obtained at
80K.

between 3.3 um and 6 um, as shown in Figure 3(a), taken at
80K at different applied bias voltages. At zero bias, we mea-
sure a spectral width of 1030 cm ™!, measured at 10% above
baseline (shown by a dotted black line), corresponding to 47%
of the peak wavenumber at 2175cm™'. As explained previ-
ously, the spectral peaks of the detector is blue-shifted from
1710cm ™" (212meV) to 1935cm ™" (240 meV) for the long-
wave absorber, and from 2030cm ™' (252meV) to 1935cm ™!
(291 meV) for the short-wave absorber. With increasing
applied bias (both forward and reverse), the energy difference
between the two absorber states decreases, resulting in a red-
shifted spectrum. Concurrently, we also see a smooth transition
in the peak of the spectrum with increasing bias—the peak is
at 4.4 um at zero bias, becoming a double-peak around =1V
and finally to around 4.8 yum at =3 V. This transition is typi-
cally seen in broadband detectors, arising mainly from the

Appl. Phys. Lett. 107, 141105 (2015)

impedance mismatch between the two absorber regions result-
ing in unequal voltage drops. At small applied bias, much of
the applied bias drops across the short-wave core (higher im-
pedance). As the bias increases, the voltage drop across the
long-wave absorber increases, and hence, long wave absorp-
tion becomes prominent. In terms of absolute magnitude of the
photocurrent, the asymmetric nature of the bandstructure
affects the extraction efficiency for forward and reverse bias,
resulting in a monotonic change in photocurrent. This is shown
in the inset of Figure 3(a)—the integrated photocurrent linearly
increases from 24 nA at zero bias to 35nA at a forward bias of
+4V, and decreases to 14.6nA at a reverse bias of —4 V.
Figure 3(b) shows the temperature dependent spectral charac-
teristics of the detector at zero bias. It can be noted that the
smoothness and width of the spectral response is maintained
up to room temperature. In addition, we also measured a peak
responsivity of 40 mA/W at 80 K—this is the highest reported
responsivity for any QC detector around 4 um at this tempera-
ture. Responsivity measurements are discussed in the next
paragraph. With this, we also show that it is possible to simul-
taneously achieve a broad spectral response (over 1000cm ")
and a high peak responsivity (40 mA/W).

In order to measure absolute responsivity, we use a cali-
brated blackbody source at 900 °C, with the detector at a dis-
tance D of 18cm from the blackbody with an aperture of
diameter a, 1in. Integrated photocurrent is measured with a
chopper running at 279 Hz, connected to a trans-impedance
amplifier at 100nA/V sensitivity, and detected using a stand-
ard lock-in amplifier. This integrated photocurrent, I, can
be written as

lua = 3Ry J RGP, (1)

—00

where P(7), the spectral power incident on the detector is
given by

P(7) = W(2) Sin® (%)ACF Cos(0). (2)

R, is the peak responsivity at wavelength /,, R () is the nor-
malized photocurrent spectrum, W () is the blackbody spec-
tral density given by Planck’s radiation law, Q is the optical
field of view angle of the detector such that, tan(Q/2) = a/D,
A is the detector cross-section area, Cy. is the coupling factor,
and 0 is the angle of incidence. The coupling factor Cr con-
sists of three terms, given by, Cr = T¢(1 — r)C*; Ty is the
transmission of various filters and windows used in the beam
path, r is the reflectivity of the ZnCdSe detector surface calcu-
lated using Fresnel’s equations for an effective refractive
index of 2.3, and C* is the optical chopper factor. For an ideal
chopper, this value is exactly 0.5, corresponding to the duty
cycle. In our experiments, we calculate a chopper factor of
0.32. Detailed calculations for the chopper factor can be found
elsewhere.”?

Using the method mentioned above, we measured the
responsivity of the detector at zero bias as a function of tem-
perature as shown in Figure 4(a). Aside from a peak respon-
sivity of 40mA/W at 80K, we notice that the value drops
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FIG. 4. (a) Temperature dependent peak responsivity (red, left axis) and de-
vice differential resistance (blue, right axis). We obtain a peak responsivity
of 40 mA/W at 80 K, which rapidly decreases above the background limited
infrared performance (BLIP) temperature of 120 K. Concurrently, the device
differential resistance also reduces from over 1 MQ at 80K to about 50 Q at
280K. (Inset) An expanded view of the responsivity from 200K to 280 K.
(b) Peak detectivity of the detector as a function of temperature. The black
horizontal line denotes background limited performance—we obtain a peak
background limited detectivity of about 10'° cm+/Hz/W at 120 K.

slowly until about 120K, and then falls sharply beyond that
due to increased phonon scattering. The device can achieve
background limited performance up to 120 K. Beyond 120K,
Johnson noise in the detector plays a dominant role and
degrades performance. The device differential resistance at
zero bias, R, indicative of the Johnson noise in the detector,
is also plotted as a reference. The detectivity of the device, a
measure of its sensitivity, is shown in Figure 4(b). We
achieve a high peak detectivity of 3.1 x 10'° cmy/Hz/W at
80K, with a background limited detectivity of approximately
100 cm\/ﬁi/W at 120K (shown by the black horizontal
line). Beyond that, the Johnson noise limited detectivity rap-
idly decreases to just over 10° cm\/ItIE/W at 280 K. This
number, while low, can be easily improved by adopting vari-
ous optical coupling techniques.

In summary, we have developed a high performance,
II-VI ZnCdSe/ZnCdMgSe based broadband QCD. The
detector core consists of 30 periods of interleaved dual-
absorber active region design, with peak detection

Appl. Phys. Lett. 107, 141105 (2015)

wavelength of each absorber centered at 4.8 um and 5.8 um,
respectively. A smooth and broad spectral response between
3.3 um and 6 um was obtained up to 280 K, with a spectral
width of 1030cm ™' at 10% above baseline, corresponding to
a AE/E of 47%. Blackbody measurements show a peak
responsivity of 40 mA/W at 80 K, corresponding to a detec-
tivity of 3.1 x 10'°cm+y/Hz/W. Background limited per-
formance is achieved up to 120 K, with a limiting detectivity
of about 10'° cm\/m/w. This detector demonstrates that
one can obtain broad spectral response as well as a high peak
responsivity in intersubband IR detectors.

We acknowledge funding from the National Science
Foundation through the MIRTHE (EEC-0540832), AIR-TT
(ITP-1414266), and the CENSES award.
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