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ABSTRACT

An ultrathin layer (13 nm) of germanium (Ge) quantum dots embedded in a SiO, matrix was deposited on a Ge substrate for photodetection
in both the visible and near-infrared (IR). Operated at T = 150K, the device exhibits higher than 10°% internal quantum efficiency (IQE) at
a reverse bias of —1.3V under low light conditions (<30 nW) at both 4 =640 and 1550 nm. The transient response of 640 nm pulses
stays below 15 ns for both rise and fall times; the IR response is only slightly slower. Our work demonstrates a high-performance broadband
photodetector with high IQE and fast response in a simple silicon technology-compatible device structure.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0073355

Broadband photodetectors (PDs) in the visible and near-
infrared (IR) offer a wide range of applications in optical imaging,
sensing, and communications. A variety of materials, structures,
and techniques have been explored for visible and near-IR photo-
detection." '” Of these structures, Ge quantum dots (QDs) are par-
ticularly interesting given their spectral tunability and relative ease
of integration into standard CMOS processing technology.”'®
High-performance photodetectors based on this structure have
been previously reported generally with impressive responsivity
and internal quantum efficiency (IQE) but with slow response
speed (especially in the near-IR).>”' ** In particular, Siontas et al.®
demonstrated a Ge QD based photodetector on a Ge substrate with
broadband detection and high IQE of up to 1000% at T =100 K for
10 nW incident light at 1550 nm; however, the frequency response
was limited to 60 kHz at best. We have recently reported a Si-sub-
strate-based Ge QD PD for visible light detection with an
improved response speed by thinning the active layer.”* Here, we
report a Ge QD PD fabricated on the Ge substrate, employing a
~13nm ultrathin active layer (Wqp) to improve the response
speed in the near-IR. This is the thinnest possible active layer Wqp
set by our QD diameters, which range from approximately 3 to
8nm. Reducing the active layer thickness to such an ultrathin
regime produces a high dark current at or close to room tempera-
ture; however, when cooled to temperatures achievable with Peltier
cooling, our PDs simultaneously exhibit high efficiency and fast
response speed in both the visible and near-IR. Aside from these

improved figures of merit achieved by employing an ultrathin
active layer, our work also sheds light on the thickness dependence
of response speed in Ge QD PDs.

The detailed fabrication method has been previously
reported,” except in this case we used a n-type Ge substrate (100)
with 2.5-2.7 Q cm resistivity. Here, we briefly summarize the fabri-
cation process: Ge and SiO, were co-sputtered onto the n-type Ge
substrate heated to 400 °C. The coated substrate was then annealed
at 500 °C in N, for 30 min. The resulting thickness of the Ge:SiO,
layer was verified with ellipsometry to be ~13nm. Optical
lithography (Heidelberg MLA 150) was then used to define 0.5
x 0.5mm” active areas onto which a 70 nm-thick ITO film was
sputtered at room temperature to serve as the transparent top elec-
trode, followed by a one-hour liftoff with Remover PG. The sche-
matic of our device structure and a transmission electron
microscopy (TEM) image of the active layer with visible lattice
fringes of Ge quantum dots embedded in the SiO, matrix are
shown in Fig. 1. Detailed TEM and x-ray diffraction analyses of the
Ge-embedded SiO, matrix fabricated with the same or similar
methods have been previously reported.”””® An indium back con-
tact was added to the device before it was placed into a closed cycle
cryostat (Advanced Research Systems) for temperature-controlled
characterization.

The illumination source for both continuous wave (CW) and
pulsed excitation was a supercontinuum laser (SuperK EXTREME,
NKT Photonics) with a 4 =400-2400nm spectral range and a
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FIG. 1. (a) Schematic of our device consisting of an ITO electrode and an active
layer with quantum dots on top of a n-Ge substrate. (b) Schematic illustration of the
phonon-assisted tunneling process (indicated by orange dotted arrows) between
neighboring QDs in an oxide matrix (represented by quantum wells of different
sizes and energy levels). After a photon absorption (shown in red) takes place,
either in a QD or in the substrate, electrons can hop between different QD energy
levels (within the order of kT) by absorbing or emitting phonons. (c) A bright-field
plan-view TEM micrograph of the Ge QDs taken with the JEOL 2100F at 200 kV at
normal incidence. Lattice fringes of a quantum dot can be seen within the white
circle.

variable repetition rate. The output of the laser was sent through a
neutral density filter wheel, followed by a wavelength filter. The beam
was then coupled into and decoupled from a single- (for visible illumi-
nation) or multi-mode (for IR) optical fiber (Thorlabs, Inc.), followed
by a collimating lens and a density filter wheel before passing through
the cryostat window and reaching the device. For CW excitation at
640 and 1550 nm, the repetition rate of the laser was set to
78 MHz, and bandpass filters (Thorlabs, Inc.) with the respective
center wavelengths and FWHM =12 * 2.4nm were used. Data
taken in the dark and under CW illumination were acquired using
a Keithley 2400 source meter connected to the cryostat via coaxial
cables. To probe the transient response of the device in the visible
spectrum, a nanosecond pulsed laser diode system with 2 =640 nm
(Thorlabs, Inc.) was set to the shortest 4.5 ns pulse width and trig-
gered by a 1 kHz square wave. The laser beam was sent to the den-
sity filter wheel directly before entering the cryostat. The transient
response in the IR was probed by the aforementioned supercontin-
uum laser but with a 7.8 MHz repetition rate. The beam path was
the same as described for the CW characterization, except a
1400 nm longpass filter (Thorlabs, Inc.) was used instead of a
bandpass filter. The readout circuit for transient characterization
consisted of a voltage source (Keithley 230) biasing the device in
the cryostat with the photocurrent signal read off a 100 Q series
resistor with a 200 MHz oscilloscope (Tektronix, Inc.).
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The I-V characteristics of the device in the dark depend on the
operating temperature and are shown in Fig. 2(a) from T=77 to
300K and from —2 to 1V applied bias. The current limit was set to
1 mA to protect the device. At room temperature, the dark current of
the PD exceeds the chosen current limit at low reverse biases due to
the combination of high carrier concentrations in the Ge substrate and
the thinness of the active layer, which becomes susceptible to high
leakage currents compared to devices with thicker active layers or devi-
ces on silicon substrates. The dark current decreases with decreasing
operating temperature and lower reverse bias, which can be attributed
to a reduction in phonon-assisted tunneling and tunneling pathways
within the oxide matrix, respectively. At a low operating voltage, the
reverse-bias dark current can be significantly reduced by cooling the
device to 100 K, while further cooling offers marginal improvement in
dark current suppression. This is because the main carrier transport
process is phonon-assisted tunneling between QDs in the SiO, matrix,
as shown in Fig. 1(b). Phonons enable carrier hopping between levels
that lie within an energy range of the order of KT, where k is
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FIG. 2. (a) -V curves of the Ge QD PD taken in the dark at various operating tem-
peratures between 300 and 77 K with the current magnitude decreasing with tem-
perature as illustrated by the arrow direction. (b) I~V curves of the Ge QD PD taken
in the dark and under 640 and 1550 nm CW illumination at T=150K and at
Pin=25.3 uW. (c) Calculated IQE as a function of P;, for CW illumination at
A =640 and 1550nm and at T=150K and an applied bias of —1.3V. The lines
are extrapolated from the data and serve as a visual guide.
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Boltzmann’s constant. As T is reduced, phonon absorption is sup-
pressed, slowing the tunneling process. It is also possible for carriers to
tunnel into surface states, which may become filled and, thus, neutral-
ized at low T. We chose to investigate the incident power (P;,) depen-
dence of the I-V characteristics at T =150K, as it is achievable by
Peltier cooling,”” making the device more technologically practical.
The I-V curves for CW A=640 and 1550 nm at P;, =25.3 uW are
plotted in Fig. 2(b). For both incident wavelengths, there is significant
photocurrent under low reverse bias with the device’s photoresponse
to 4 = 640nm being stronger than to 4= 1550 nm. The IQEs of the
device were calculated using Eq. (1) for a range of incident power
values

he Tiight (4) — Lgark
7q(1 — R(7)) P ’

The results are plotted in Fig. 2(c) for T=150K at —1.3V
applied bias. The IQEs of the device in response to A = 640 nm are
higher than those to 4 = 1550 nm and decrease with increasing inci-
dent power at both wavelengths. The higher IQE at 640 nm compared
to 1550 nm can be attributed to the larger absorption coefficient and
shorter penetration depth of 640 nm light in Ge, which allows more
carriers in the substrate to be absorbed within a diffusion length of the
QD-containing active region.”* The decrease in the IQE with increas-
ing incident power has been reported previously for this type of PD
and was attributed to a sub-linear photocurrent growth across the inci-
dent power range due to saturation of available tunneling paths within
the QD matrix.” The high IQE is attributable to a previously proposed
hopping transport mechanism for devices based on this structure,
where the heavier holes move much more slowly than the electrons
and can be considered dynamically trapped in Ge QDs within the
oxide matrix, resulting in a net positive charge build up that facilitates
electron injection and flow through the QD active region to maintain
charge neutrality, see Fig. 1(b).**°

We probed the transient response of the Ge QD PD in both the
visible and the IR from 77 to 200 K. (At 300K, the photocurrent is
swamped by the dark current.) The source for visible transient charac-
terization at A =640 nm has a pulse width of 4.5ns and an incident
power of 3.8 mW with the pulse shape shown in the inset of Fig. 3(a).
The response of the readout circuit is also shown in Fig. 3(a) with a
fast transient main peak followed by ringing. We define the rise and
fall times as the time it takes to rise to 1 — 1/e and fall to 1/e of the
peak value, respectively. The rise and fall times at a fixed reverse bias
of —1V for a range of operating temperatures are plotted in Fig. 3(b).
For all tested temperatures, the rise times stay under 10 ns, and the fall
times under 15 ns with the response times staying relatively constant
for all temperatures. We also measured the rise and fall times for vari-
ous values of the reverse bias from 0 to —4 V and observed no signifi-
cant bias dependence (not shown).

The IR transient response was characterized with the supercon-
tinuum laser (4 =400-2400 nm spectral range) and a 1400 nm long-
pass filter. The effective characterized spectrum is from 1400 to
2400nm, although the Ge substrate becomes transparent above
1850 nm. The repetition rate of the laser output was 7.8 MHz. Figure
4(a) shows the supercontinuum laser pulses (solid line) together with
the PD circuit response (solid line with circles) at T=150K and
V = —1V. The slight phase shift between laser pulses and the circuit
response may be the result of cabling from the laser to the oscilloscope.
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FIG. 3. (a) Transient response to a A=640nm 4.5ns pulse at T=150K,
V=—-1V, and P;,=3.8 mW. The inset magnifies the 4.5ns pulse and the initial
rise of the response signal. (b) Rise and fall times of the readout circuit to the
4.5ns pulse at 4 =640 nm for various temperatures at V = —1V.

The rise and fall times calculated with the aforementioned definitions
are shown in Fig. 4(b) for a range of operating temperatures from 77
to 200 K. The response speeds in the IR are slightly slower than at
640 nm, which can be explained by the longer penetration depth of IR
light in Ge. Carriers generated by an IR source are deeper in the sub-
strate and take longer to travel to the QD-containing matrix, which
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FIG. 4. (a) Transient response to a 7.8 MHz pulse train in the near-IR with 1400 nm
< A <2400nm at T=150K and V= —1V. (b) Rise and fall times of the readout
circuit to the 7.8 MHz near-IR pulse train at V = —1V reverse bias as a function of
T in the 77-200 K range.
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delays the transient response. Again, there does not appear to be any
clear dependence of the response speed on either the operating tem-
perature or the applied bias.

Previous work on this device structure has postulated that an
improvement in the response speed can be achieved by thinning the
active layer thickness and decreasing the device area, which could
lower the RC circuit time constant via minimizing the parasitic resis-
tance.”” Our results show that we indeed achieved a faster response
speed in both the visible and IR, while also improving the IQE. Since
most of the light absorption occurs in the n-Ge substrate while the
active layer amplifies the photocurrent with the aforementioned hop-
ping transport mechanism, a thinner Wqp does not necessarily harm
the IQE; in fact, the opposite may be true, as the reduction in the active
layer thickness may yield devices with fewer defects.

In terms of the response speed’s dependence on the active layer
thickness, our results show partial agreement with the previous work.
While we do observe an increased response speed with an ultrathin
Waps our results do not support the previous claim that the fall time
scales quadratically with 1/Wqp, as proposed by Liu et al. in 2012 for
devices with Wqp=60-200nm.”” The (Wqp) > relationship may
hold for devices with thicker active layers, in which the transport time
is limited by diffusive inter-QD hopping through a thick Wqp, but a
different mechanism could determine the response speed in the ultra-
thin Wgp regime. Indirect evidence for this can be seen in Figs. 3(b)
and 4(b), which both show that the response speed does not depend
strongly on the operating temperature. In previous studies, where the
transient transport mechanism was dominated by charge hopping
through many QDs, decreasing the operating temperature slowed the
response speed, since the charge hopping time between dots was pos-
tulated to increase due to reduced phonon assistance.” Further study is
needed to understand the dominant speed-limiting factor in ultrathin
devices, where transport through the active layer may involve only 1-2
QDs. One possible candidate is the carrier lifetime in the QDs, which
could determine the fall time of the photocurrent signal.

Table I shows the figures of merit for recently reported Ge or
SiGe QD PDs characterized at or near the telecommunication wave-
length. The characterization conditions were not identical, but we
have selected the best reported values in each case. It is evident that
our device with the ultrathin active layer can reach impressive respon-
sivity and IQE while keeping the response speed in the ~10 ns range.
There are also other reports of near-IR Ge QD PDs measured at
shorter wavelengths with much lower efficiencies.””*’

In summary, we report an ultrathin active layer device with Ge
QDs embedded in an oxide matrix on the n-Ge substrate for visible
and near-IR photodetection. This is the thinnest active layer reported
so far for such devices and shows a record IQE of up to ~3 x 10°% at

TABLE |. Near-telecom (/4= 1400-1630nm) figures of merit of Ge or SiGe QD
PDs.

Paper Responsivity IQE Speed
Liu et al.”* 9.7 A/W = 40 us
Siontas et al.” e 1000% 5.83 us
Stavrache et al."* 9.35A/W = e
This work 470 A/W 1.5 x10° % 22 ns
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/. =640nm and 10°% at / = 1550 nm with less than 30 nW incident
power at T = 150 K, making them suitable for high-efficiency low-light
detection. While the IQE decreases with increasing incident power,
the values consistently exceed 100% across the measured incident
power range from ~30 nW to 30 uW. When characterizing the tran-
sient response of this photodetector at a small reverse bias of —1V, we
achieved rise and fall times below 15 and 10 ns, respectively, for oper-
ating temperatures from 77 to 200K, in the visible, and below 40 and
25 ns in the near-IR. Unlike the previous work on Ge QD-based devi-
ces with thicker active regions, our results indicate that the hopping
conduction may not be the limiting mechanism for device speed. Our
work demonstrates that extremely high IQE and nanosecond range
response speed can be simultaneously achieved in Ge QD-based pho-
todetectors that operate at low voltage, practical temperatures, and
can, in principle, be integrated with silicon technology.
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