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ABSTRACT

Efficiency and response speed are key figures of merit for high-performance photodetectors, with high efficiency often obtained at the expense of
slow photoresponse. Here, we report on germanium quantum dot photodetectors (Ge QD PDs) with a 25-nm-thick active layer that possesses both
high internal quantum efficiency (IQE) and fast photoresponse, yet is still based on simple design and fabrication. We characterize these devices with
continuous wave (CW) and pulsed excitation at room temperature as a function of incident power and applied bias. Under the reverse bias of -4V,
the IQE approaches ~2000% over a broad spectral range (4 = 500-800 nm). The transient photoresponse speed to a 4.5 ns laser pulse at 2 =640 nm
is under 20 ns. Furthermore, we observe an interesting phenomenon: by superimposing a weak CW HeNe laser beam (/4 = 632.8 nm) on the laser
pulse, we obtain an optically tunable photoresponse while retaining fast speed. This study elucidates the role of photocarrier generation, trapping,
and hopping in the percolative Ge QD oxide matrix and helps explain the observed high gain and fast response speed. The demonstrated IQE and
nanosecond response time render our devices suitable for low-light detection and imaging.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025660

Quantum dots are attractive for applications in optoelectronic
devices, including photodetectors,l’3 light emitting diodes,” lasers,””
and phototransistors,” thanks to their spectral tunability. In particular,
silicon (Si) and germanium (Ge) QDs are of great interest due to their
potential compatibility with Si technology.”'* Germanium offers some
advantages over Si for use in QD devices, including a lower synthesis
temperature' *'® and a larger excitonic Bohr radius, which enables stron-
ger quantum confinement.” Germanium QDs embedded in an oxide
matrix have been studied extensively,”;’23 and photodetectors based on
Ge QDs have achieved up to 1500% IQE,”* as well as broad spectral cov-
erage from near-ultraviolet to near-infrared wavelengths.”””

However, a trade-off between quantum efficiency and response
speed has often been reported,”” ** and overcoming it is key to
improving overall PD performance. Another crucial factor is the fabri-
cation simplicity. A number of recently reported photodetectors®*”*’
with excellent sensitivity require fairly complex structures and fabrica-
tion techniques. Our simple design (see Fig. 1) and fabrication method
yield high-performance devices without sacrificing easy integration.

In this Letter, we report on a Ge QD PD with a thin active layer
of 25nm, which has a high IQE exceeding 2000% at 640 nm, in

addition to response times down to ~10ns. We are able to obtain
both high efficiency and fast response speed by thinning the active
layer and taking advantage of the hole-trapping conduction mecha-
nism that provides internal gain in these devices.” We present a
detailed study on the photoresponse of Ge QD PDs to both CW and
ultrashort pulsed excitation, as a function of applied bias and incident
power. We also investigate the effect of an external resistor Rey; on the
transient photoresponse. Finally, we demonstrate a two-beam charac-
terization scheme, where the transient photoresponse of the Ge QD
PD to an ultrashort laser pulse can be controlled with a much weaker
CW beam. These experiments support the hypothesis of QD-assisted
charge trapping and percolation as physical processes likely responsi-
ble for the observed high quantum efficiency and fast photoresponse.
Amorphous Ge and SiO, were simultaneously sputtered from
two different targets onto a heated n-Si substrate held at 400 °C using
an Angstrom AMOD Physical Vapor Deposition Platform. The
deposited film was subsequently annealed at 500 °C in an N, atmo-
sphere for 30min to generate densely packed Ge QDs with higher
crystalline quality.”” The final thickness of the annealed film consisting
of Ge QDs embedded in the SiO, matrix is ~25nm, measured by
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FIG. 1. Schematic of the experimental setup for Ge QD PD transient response
characterization. The HeNe CW laser was only turned on during the two-beam
experiment; the device active area was 2 x 2 mm?.

variable angle spectroscopic ellipsometry (VASE, Woollam M-2000).
An ~70-nm-thick indium tin oxide (ITO) layer was sputtered at room
temperature with 10% O, flow and 60 W DC power onto lithographi-
cally defined 4 mm? active areas. After lift-off, annealing at 400 °C in
N, for 30 minutes determined an ITO sheet resistance of ~160 Q/[].

Current-voltage (I-V) characterization under CW excitation was
performed using a QEX10 quantum efficiency measurement system (PV
Measurements, Inc.). Specular reflectance was measured after calibration
with a single-polished 1-cm-thick Si substrate over the A =400-1100 nm
range. The transient photoresponse of the Ge QD PDs was probed with
a /= 640nm Nanosecond Pulsed Laser Diode System (Thorlabs, Inc.)
set to the shortest 4.5ns pulse width and triggered by a 1kHz square
wave. A schematic of the experimental setup is shown in Fig. 1, with the
CW HeNe laser (Thorlabs, Inc.) at A=632.8nm only used for two-
beam characterization. The beam splitter ensured an identical optical
path for both laser beams. The neutral density filter wheel enabled power
dependence characterization. The signal was read out from a series resis-
tor Rey using an oscilloscope. All measurements were performed with
Rext = 100 Q unless otherwise noted.

The I-V characteristics of the Ge QD PD shown in Fig. 2(a) were
investigated as a function of applied bias under 4 =640 nm CW exci-
tation for various incident powers P;,. At a given Py, the current first
increases rapidly with increasing reverse bias and then saturates, with
the saturation occurring at a higher reverse bias for higher Pj,.
Similarly, at a given reverse bias, the current increases rapidly with P;,
and then tends to saturate.

Figure 2(b) shows the spectral responsivity (Rsp, left axis) and the
corresponding IQE (defined as the ratio between the number of col-
lected charge carriers and the number of absorbed photons, right axis)
as a function of incident power for various reverse bias values, derived
from Fig. 2(a) using the following equations:
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FIG. 2. (a) -V curves of the Ge QD PD when exposed to 4 = 640 nm CW excitation
for a range of incident powers. (b) The corresponding Ry, (left axis) and IQE (right axis)
derived from (a), plotted as a function of P, for various reverse bias values. (c) Rs, and
(d) IQE vs wavelength for various reverse bias values at P, = 33 uW.

where I, is the photocurrent, defined as the difference between the total
current under illumination (Iigy) and the dark current (Igux); Pin is the
power incident on the PD active area; h is PlancK’s constant; ¢ is the speed
of light; 4 is the excitation wavelength; g is the electron charge; R is the
specular reflectance. The maximum Ry, (and, correspondingly, IQE) rep-
resented by the peak of each curve in Fig. 2(b) shifts toward lower inci-
dent power with decreasing reverse bias. This trend implies a percolative
conduction mechanism through the Ge QD layer: reduced reverse bias
decreases the energy range of percolation pathways through the QD-
containing active layer, thereby limiting carrier transport across the device
and causing response saturation. The percolation model has been pro-
posed for charge transport through other types of QD networks.™ ™
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Figure 2(c) shows Ry, and Fig. 2(d) shows the IQE, both as a
function of / at CW Pj, =33 uW. The device maintains high Ry, and
IQE across the entire measured visible spectrum and up to at least
A=1000nm in the near-IR. Since most of the absorption takes place
in the substrate, the IQE is reduced when the incident wavelengths
exceed the absorption limit of silicon.”

The high IQE obtained is attributed to dynamical hole trapping
in these devices:"*** holes trapped in QDs induce electron injection
from the ITO top contact to maintain charge neutrality within the
device. This mechanism should not be significantly affected by the
thickness of the active layer, and so reducing it helps improve the
speed without impacting the responsivity, provided that the active
layer is thick enough to prevent a high unwanted Iy, due to direct
tunneling. In fact, with a 25 nm active layer, the reported device has
higher Ry, and IQE than devices with thicker 60-110 nm active layers.

Transient photoresponse curves to a 4.5ns laser pulse at
A=640nm and P, =120 mW are shown in Fig. 3(a) for several
reverse bias values. Each transient curve consists of a sharp first peak
followed by a broader second peak due to circuit ringing, a phenome-
non further examined in Fig. 4. To calculate the IQE of the pulsed
response, we take the ratio between the number of collected carriers
and the number of absorbed photons. We integrate the photocurrents
in Fig. 3(a) to obtain the total number of carriers collected and inte-
grate the laser pulse to obtain the total pulse energy, which can be con-
verted to total photons absorbed by taking into account the reflectance
at 2=640nm (~3%). Figure 3(b) shows that the IQE from pulsed
excitation tends to saturate around 300% under the applied bias of
-2V, confirming low-voltage operation capability. Compared to IQE
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FIG. 3. (a) Transient response to a 4.5ns pulse at A =640nm under various
applied bias values at a fixed P, =120 mW. The photoresponse consists of a
sharp first peak and a broader second peak. (b) IQE and (c) rise and fall times of
the first peak (zon and o) Vs applied bias at P, = 120 mW. 7o, and 745 Vs P, at
(d) =2 and (e) -4 V applied bias.
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FIG. 4. Transient response at P, = 30 mW under the reserve bias of -4V with
Rext = (a) 100 © and (b) 846 Q. (c) IQE and (d) second peak fall time () vs
Rext-

values under CW excitation and the same reverse bias, the pulse
response IQEs are lower, while the average pulse power is much higher
than that under CW excitation. As the high-power pulsed excitation
generates a high density of carriers in the substrate near the QD-
containing active layer, a reverse bias up to -4V is not sufficient to
allow tunneling and transport of all the pulse-generated carriers
through all the existing percolation pathways. This causes higher car-
rier recombination in the substrate and lower collection efficiency.
The IQE is, therefore, lower under pulsed excitation compared to the
CW-IQE results reported in Fig. 2, but still exceeds 100% beyond the
reverse bias of -1.5 V. The rise (7,,) and fall (7,) times in Fig. 3(c) are
extracted from the first peak of the transient photoresponse curves in
Fig. 3(a), defined as the time taken to rise to 1-1/e and fall to 1/e of
the peak value, respectively. Both 1., and 7o remain below 35 ns over
the entire reverse bias range and for all values of Pj, at reverse bias val-
ues of -2 and -4V, as shown in Figs. 3(c)-3(e). We find that 7., and
Toff are relatively constant over the measured power range, with no
appreciable difference between reverse bias values of -2 and -4 V. This
reaffirms that our PDs can be operated at a low voltage of -2V and
achieve high performance.

We varied Rey to investigate its effect on the circuit. Figures 4(a)
and 4(b) show the pulsed response of our PD with Re, = 100 and 846
Q, respectively, at P;, =30 mW and the reverse bias of -4 V. Since P;,
and applied bias are fixed, the total charge collected should not vary
significantly with Rey, as evidenced by the IQE, which is directly pro-
portional to the total collected charge, plotted as a function of Rey in
Fig. 4(c). While the total charge is unaffected by Rey, the charge distri-
bution varies with Rex, as higher Rey values result in slower circuit
ringing effects. This difference in charge distribution causes the second
peak in the transient photoresponse to yield varying fall times 7
[defined as the time it takes for the second peak to fall to 1/e of its
value, see arrows in Figs. 4(a) and (b)], which increases rapidly with
higher Rey, as shown in Fig. 4(d).

Turning on both the CW HeNe and the pulsed laser (setup
shown in Fig. 1) yields an interesting phenomenon. At low reverse
bias values, the addition of a much weaker CW excitation strongly
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(labeled high P;) and low pulsed P, = 30 mW with CW P, = 7.5uW
(labeled low P;,).

suppresses the pulse-generated photocurrent, as shown in Fig. 5(a) for
the reverse bias of —2'V. The carriers generated by the ~3 orders of
magnitude lower-power CW laser cause a saturation of the percolation
paths that are no longer available when the pulsed laser is turned on,
which causes a remarkable reduction in the carrier collection efficiency
and hence photocurrent, once the laser pulse is turned on. To further
validate this hypothesis, we compared the measured IQEs between
under pulse-only and two-beam excitation conditions, both as a func-
tion of applied bias, as shown in Fig. 5(b) for pulsed P, =120 mW
and 30 mW. Both IQE curves resemble the shape of the pulsed
response IQE curve in Fig. 3(b), but the weak CW beam shifts the rise
in the pulsed IQE curve toward higher reverse bias. This rightward
shift suggests that the presence of a CW background requires higher
reverse bias to reach the same internal quantum efficiency, implying
that more percolation pathways have to be established to efficiently
transport the extra CW-generated carriers. For high Pj, =120 mW,
the suppression persists until —-3.5V, whereas for low P;, =30 mW,
the crossover point occurs at the reverse bias around -2 V. While a full
model of optical control of the pulsed photoresponse remains to be
developed, the possibility of tuning pulsed PD performance optically
may find useful applications.

In summary, we demonstrate highly efficient and fast Ge QD
PDs with a thin active layer (25nm) that allows for fast charging
and discharging dynamics and high IQE due to hole-assisted
charge trapping and percolation. Under 4=640nm CW excita-
tion, the IQE of the device surpasses 2000% under the applied bias
of -4V and remains above 700% across the visible spectrum. The
response speed to a 4.5 ns pulsed laser reaches down to ~10 ns for
Ton and ~20 ns for Tof. Rey is shown to only affect circuit ringing,
while the response times (both 7., and 7.¢) from the first peak of
the transient photoresponse curve remain unaffected across the
measured range of applied bias and incident power. Two-beam
characterization shows that the addition of a weak CW excitation
can be used to suppress the transient response to pulsed excitation,
a phenomenon attributable to the occupation of available percola-
tion pathways by the CW-induced carriers. The reported high
efficiency and fast response speed show promise for compact,
high-performance, broadband imaging cameras based on germa-
nium quantum dot photodetectors. The ability to control the

ARTICLE scitation.org/journal/apl

transient photoresponse using a weak CW signal offers potential
for optically controlled PDs based on this device structure.
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