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ABSTRACT

A germanium (Ge) or germanium-on-silicon (Ge-on-Si) substrate is an attractive yet not well-studied platform for developing long-wave infra-
red photonics devices such as lasers and photodetectors. In this paper, we report a long-wave infrared quantum cascade photodetector grown
on the Ge substrate with a submonolayer InAs/GaAs quantum dot as the infrared absorber. At 77K under zero bias, the detector shows a
differential-resistance area (RyA) product of 298.7 Q-cm®. The normal-incident peak responsivity is 0.56 mA/W observed at 8.3 um, corre-
sponding to a Johnson noise limited detectivity of 1.5 x 10® cm-Hz"?/W. In addition, the effect of the periodic stage number of active regions
on device’s performance is discussed in detail. The device characteristics presented in this work demonstrate the potential for monolithic inte-
gration of this quantum cascade detector with the Ge or Ge-on-Si substrate for large-scale, cost-effective sensing and imaging applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038844

Group IV photonic devices and systems have shown important
applications in biochemical sensing, detection of toxics, industrial
process control, and other areas.' ” The spectral range covered in
these applications belongs to the long-wave infrared (LWIR) region,
which is commonly referred to the fingerprint wavelength region
(6-15 pum), since many molecules show strong vibrational absorption
within this range.” Currently, silicon photonics based on silicon-on-
insulator (SOI) has been widely employed for the photonic integrated
circuits at telecommunication wavelengths (1.3 and 1.55 um) due to
the mature group IV material properties and fabrication process-
ing."” Nevertheless, in fingerprint wavelength sensing and detection,
a new material platform is imperative since silicon and silicon dioxide
are lossy beyond 6 um and cannot be used in the LWIR region.’

Recent studies have shown that the Ge-based material platform is
an attractive alternative for integration with LWIR applications due to
its wider infrared transmission window than Si (2-14pum vs
1-6 um).”® Ge-on-Si-based planar photonic devices, such as low loss
waveguides, multiplexers, and interferometers, have been demon-
strated.” However, very few LWIR light sources and photodetectors on
the Ge or Ge-on-Si substrate have been reported so far. Quantum

cascade detectors (QCDs) based on quantum wells (QWs)® and quan-
tum dots (QDs)”'" have long been the major choice for mid- and
long-wave infrared (MWIR and LWIR) detection applications due to
the high design freedom in the band structure and, hence, the opera-
tional wavelength. III-V materials such as GaAs and InP are the most
commonly used substrates for quantum cascade photodetectors since
they enjoy the merit of high crystalline compatibility. One way to build
the inexpensive and compact photonic integrated devices is the hetero-
geneous integration by bonding ITI-V materials to the Ge-on-Si plat-
form."" Nevertheless, the III-V substrates required for the bonding
process are much more expensive than Si substrates and are only avail-
able at small wafer sizes that limit scalability. Alternatively, monolithic
epitaxial growth is a straightforward wafer-level solution for low-cost
and large-scale production.'”"” In the MWIR range, monolithic
growth of QCDs and other structures on Si has been successfully dem-
onstrated.'”'*""” For LWIR applications, it would be more desirable to
grow the devices on Ge-on-Si substrates since Ge has a wider infrared
transmission window.”® Moreover, the Ge lattice constant is very close
to that of GaAs (only 0.08% lattice mismatch), which could reduce the
threading dislocation density as well.”
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This work demonstrates the QCD grown on the Ge substrate for
LWIR detection, which suggests that these LWIR devices could also be
realized by epitaxial growth on Ge-on-Si substrates. The detector uses
submonolayer (SML) InAs/GaAs QD structures to absorb infrared
light and generate carriers, along with the GaAs/AlGaAs quantum cas-
cade structures to extract electrons spontaneously. Similar to other
QCD devices,”'”*" this detector enjoys the advantage of zero-bias
operation. Given the 3D carrier confinement nature of SML QDs, this
detector has both transverse magnetic (TM) and transverse electric
(TE) optical responses.”'”'”*” In other words, the device can be oper-
ated in the normal incidence configuration, which can be potentially
used for the focal plane array for target detection as well.

The schematics of the QCD device structure is illustrated in
Fig. 1. The sample was grown on a Ge substrate by molecular beam
epitaxy (MBE). A 1 um GaAs buffer layer was grown before the photo-
detector heterostructure. 200 nm and 500 nm n-doped GaAs layers
were used as the top and bottom contact layers, respectively. Two
50 nm Al ;Gag93As barriers were grown between the periodic quan-
tum dot-quantum cascade stages and the n-doped GaAs top and bot-
tom contacts to restrain the tunneling injection of electrons from the
contacts. After that, the sample was composed of 20 periods of quan-
tum dot-quantum cascade structures. For a single period, this quan-
tum structure has two components: the optical transition region and
the carrier extraction region. The optical transition region consists of
five cycles of i-GaAs (2.10 ML)/n-InAs (0.37 ML, Si-doped,
n=5x10"cm™, 2 electrons/dot) SML QDs, sandwiched by 2nm
GaAs on each side. The carrier extraction region was composed
of four GaAs/AlGaAs QWs, and the energy levels in those QW's were
shifted subsequently such that their energy separation is equivalent to
one GaAs LO phonon energy (~36meV), enabling efficient carrier
extraction. To minimize the accumulation of compressive strain, only
one 3.8nm Ing;5GagssAs QW was applied in the final QW, while the
other three QWs were made from strain-free GaAs with an appropri-
ate thickness. Aly,GaggAs barriers with a certain thickness were
inserted between those QWs and SML QDs to separate them.

The number of stages of the active region is a key design parame-
ter for QD-QCD, and an appropriate number would affect the device

A |

-— a5 o
T T T &
0.37 ML n—InAs

200nm n doped (1x108 cm3) GaAs

50nm Alg;Gag 03AS
4nm Al,,Ga, gAs
2nm GaAs
L3 5nmi InAs/GaAs SMLQD T
2nm GaAs
6nm Al ,Gaj gAs
2.3nm GaAs
4nm Aly,Ga, gAs
3.3nm GaAs
3nm Aly,Gag gAs
4.8nm GaAs
3nm Al ,Gay gAs
3.8nm Iny;5Gag gsAS
4nm Al,,Gag gAs
50nm Alg 5;Gag g3AS
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500nm n doped (1X10® cm3) GaAs
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Semi Insulate Ge substrate

FIG. 1. The schematics of the SML QD-QCD device structure grown on the Ge
substrate.
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performance in terms of dark current, responsivity, and detectivity.
For dark current (I4,,), this parameter is inversely proportional to the
device differential resistance around 0V (Ry)° and R, is proportional
to the number of stages (N); thus, I« o 1/N. In other words, the
increase in the stage number could help suppress the dark current. For
responsivity, we have the following expressions:

A
R="2y P
he " Np.
n=1—e"~Nua forNou<1, (2)

1)

where R is the responsivity of QCDs, 4 is the incident wavelength, 7 is
the quantum efficiency, o is the absorption coefficient of SML QDs, p,
is the escape probability of an excited electron in the optical transition
region, and p, is the capture probability into next optical transition
region’s ground state for an electron traveling down the carrier extrac-
tion region. Under first-order approximation, when N is relatively
small, Noo < 1, so 1 = No, and R remains constant regardless of the
change in N. When N becomes larger, 1 approaches 1 and saturates.
Thus, R < 1/N. In other words, with the increase in N, R remains con-
stant at first and then decreases rapidly. For detectivity, since the noise
of the QCD is mainly dominated by Johnson noise under zero bias,
the detectivity can be written as™'*'"**

RoA
D* ~ D =Ry/—— 3
F =Ry pr 3)

where A is device’s area, kp is the Boltzmann constant, and T is the
temperature. When N is relatively small, R remains constant and R,
N. Thus, D* o< v/N. When N becomes larger, R < 1/N and Ry N,
which leads to D* o 1/+/N. That is to say, when N increases, D* rises
at the beginning and then falls. Therefore, an ideal number of stages
must be picked by simultaneously taking the device’s performance and
epitaxial growth complexity into consideration, and this value is usu-
ally between 20 and 40.” We chose N = 20 as a preliminary starting
point in this work.

The structure and growth conditions of this QCD grown on Ge
were similar to the SML QD-QCD grown on the GaAs substrate
reported by our group previously.”* The growth temperature of the
GaAs buffer, contacts, and the Al ,Gago3As barriers was 580 °C,
whereas the absorption and cascade regions were grown at 500 °C.
The energy levels and their corresponding wavefunctions in the con-
duction band calculated by the k-p method are shown in Fig, 2.7
The red dashed arrows indicate that the transitions account for photo-
current, which include three basic steps in one period of the device:
the optical transition (E; — E,), the electron transport from the optical
transition region to the carrier extraction region through resonant
tunneling (E, — E;), and the electron extraction (E; — E; — E5 — E¢
— E;). The solid gray arrow indicates the leakage path of dark current,
which will be discussed later.

After the epitaxial growth, the crystal quality of the QCD sample
was analyzed by high-resolution x-ray diffraction (XRD), as plotted in
Fig. 3. Apart from the Ge (004) substrate reflection, the broad peak
located at about 33.04° is contributed by the 20-period quantum dot-
quantum cascade superlattice (labeled as SL) and the rest of the epilayers
in the structure, i.e., GaAs buffer, contacts, and the Al (;Gag93As barrier
layers, due to the very close lattice constant. Furthermore, clear satellite
peaks of the SL are observed up to the fourth order. From the simulated
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FIG. 2. Conduction band of one cycle of the SML QD-QCD’s active region with
energy levels and wavefunctions calculated by the k-p method. For illustration clar-
ity, in the calculation, we set the thickness of Aly,GaggAs barriers on both sides
with a relatively large thickness of 10 nm (vs 4 nm in Fig. 1). Starting from the left,
the corresponding thickness of different layers is (in nm) 10/2/3.5/2/6/2.3/4/3.3/3/
4.8/3/3.8/4/2/3.5/2/10, with the Aly,Gag gAs barrier in bold, the GaAs layer in regu-
lar, Ing.15Gag gsAs in italic, and InAs/GaAs QD underlined. The forbidden band cor-
responding to each layer was colored with the same coloring scheme as in Fig. 1.
In order to simplify the calculation, the QD layers were treated as 3.5nm
Ing.15Gag gsAs layers. The red dashed arrows indicate the electronic extraction path
of the device. The solid gray arrow represents the leakage path for dark current.

SL peak position, the thickness of the quantum dot-quantum cascade
active region can be estimated as follows:”

A
d=———— . 4
2(sinwy — sin )
where d is the thickness of one quantum dot-quantum cascade active
region, A is the wavelength of the x-ray source (0.15406 nm), and
o and m; are the central position of the zeroth order and first order

Data Ge substrate
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FIG. 3. XRD w-20 scan of the SML QD-QCD sample grown on Ge. The blue curve
represents the measurement data, while the red curve is the simulation result.
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SL peak, respectively. The calculated result shows that the thickness of
one period of the active region is 42.1 nm, which is very close to the
designed thickness shown in Fig. 1 (41.7 nm).

After material characterization, multiple mesa-isolated devices
with different diameters ranging from 50 to 500 um were processed
using standard procedures, i.e., contact UV photolithography, wet
chemical etching, electron-beam evaporation, and liftoff. The sidewalls
of the devices were encapsulated with SU-8 negative photoresist to
prevent the sidewall from degradation.

Figure 4 depicts the dark current density-bias (J-V) characteris-
tics of the SML QD-QCD sample with a diameter of 130 um measured
at various temperatures. During the measurement, the sample was
loaded in a variable-temperature cryostat and isolated with a cold
shield and aluminum foil from background radiation, and the data
were collected and analyzed using a semiconductor device analyzer. As
seen from Fig. 4, the device shows a dark current density of 2.5 x 10~*
A/cm? at 77 K under —0.1'V bias and increases rapidly with external
reverse bias, indicating the resonant tunneling transport of carriers in
the device. In order to find out the main source of dark current, the
differential resistance-area product (RoA) at different temperatures is
derived from the slope of the J-V curves around zero bias, as shown in
Fig. 5. The RoA value is 298.7 Q-cm” at 77K and decreases to
9.7 x 107% Q-cm® at room temperature. The data are fitted by the
Arrhenius equation as follows:”’

RoA = Ce ™, (5)

where C is the Arrhenius constant and E, is the activation energy. In
the low-temperature region (77 K-190 K), the approximated activation
energy is E, ~108.8 meV, which is about three times of the GaAs LO
phonon energy (3 x 36 meV). This suggests that the major leakage
path for dark current in this QCD device might be the diagonal transi-
tion from the quantum dot region to the second quantum cascade
level, E; — E,;, as illustrated in Fig. 2 217:24

After the electrical characterization, a 130 um device used in the
dark current measurement was wire bonded and loaded into a cryostat
and refrigerated to 77K using liquid nitrogen. The sample was

102
10!
10°
10"

102

Dark Current Density (A/cm?)

10° —— 77K 190K 3
——85K —— 220K

10 F ——92K —— 250K 3
—— 100K —— 280K

105 130K —— 300K 3
—— 160K

10-6 1 1 1 1 1 1 1 1 L

1.0 08 06 -04 -02 00 02 04 06 08 1.0

Bias (V)

FIG. 4. Dark current density-bias voltage curves of the SML QD-QCD with a diame-
ter of 130 um measured from 77 to 300 K.
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FIG. 5. RyA product-inverse temperature dependences of the 130 um diameter
device. The blue dots are RyA values from 77 K to 300 K, and the red line is the fit-
ted curve with the Arrhenius equation. The fit was only performed for data from
77K to 190K due to the deviation from linearity at high temperature.

configured in normal incidence without any antireflection (AR) coat-
ing. The optical response of the sample was collected and analyzed
using a Fourier transform infrared spectrometer (FTIR) and calibrated
by a 700 °C blackbody source. Figure 6 depicts the responsivity of the
device measured from 77 K to 92 K without any applied bias, covering
a spectral range from 6.5 um to 10.0 um. The maximum responsivity
of the device is 0.56 mA/W at 77 K, and its peak wavelength is around
8.3 um (~149 meV). This energy is associated with the inter-subband
transition from the SML QD ground state to the excited state, which is
consistent with the designed energy separation between E; and E,
(~145meV), as shown in Fig. 2. It is worth mentioning that the peak
responsivity in this device is an order of magnitude lower than that of

0.6

— 77K
—85K
05 — 92K

04

03

0.2

Responsivity (mA/W)

01

0.0 L L L 1 L 1
6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

Wavelength (um)

FIG. 6. Photoresponse under the normal incidence of the SML QD-QCD device
measured at 77 K, 85K, and 92K under zero bias.
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the QCD device reported by us with the same active region but grown
on the native GaAs substrate.”’ This might be due to the defects asso-
ciated with the antiphase boundaries at the Ge/GaAs interface, even
though the lattice mismatch with the Ge substrate is less than that
compared with Si,” which could shorten the carrier lifetime and,
hence, the responsivity. Further optimization in reducing the number
of defects propagating from the Ge/GaAs interface into the active
region in this SML QD-QCD device will be the theme of our future
work.

Finally, the Johnson noise-limited detectivity D; of the device is
calculated using Eq. (3). Figure 7 shows the calculated D;‘ of the SML
QD-QCD device from 77K to 92K. At 77K, a peak value of
1.5 x 10° cm-Hz"*/W is observed. The peak detectivity of this QCD
grown on Ge is close to that of the LWIR quantum dash QCD device
grown on the native InP substrate reported by Wang et al’”
(D]’f =2 x 10*cm-Hz"*/W at 77K and 0V, peak at 10 um). However,
the relatively low responsivity of our device when compared with that
in the work of Wang et al. and other QD-QCDs working at similar
wavelengths™*** suggests that further improvements over this unopti-
mized design should be directed toward the absorber region, such as
increasing the active doping density of the QDs” and suppressing the
density of defects in the absorber, which might originate from the Ge/
GaAs interface.

To summarize, a normal-incident, zero-bias operable LWIR
QCD grown on the Ge substrate with submonolayer InAs/GaAs QDs
as an absorber has been demonstrated and characterized. At 77K, the
device has a peak responsivity of 0.56 mA/W at 8.3 um under zero
bias and an RyA value of 298.7 Q-cm®. The corresponding Johnson
noise-limited detectivity is 1.5 x 10® cm-Hz"*/W. The performance of
the device can be further strengthened by redesigning the device struc-
ture, such as increasing the doping density in the absorber and
improving the epitaxial quality of the Ge/GaAs interface. The charac-
terization results presented in this work pave the way for monolithic
integration of InAs-based SML QD-QCDs with the Ge or Ge-on-Si
substrate toward large-scale, low-cost LWIR sensing and imaging
applications.
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FIG. 7. The calculated le‘ of the SML QD-QCD device at 77K, 85K, and 92K
under zero bias.
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