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A B S T R A C T

We present our work on high performance germanium (Ge) quantum dot (QD) photodetectors (PDs), fabricated
on Si and Ge substrates, that operate via tunneling transport through a QD-containing active layer and feature
high internal photoconductive gain. In the λ =400–1100 nm range, the PDs fabricated on Si substrates exhibit
room-temperature spectral responsivity (Rsp) up to 4 A/W and internal quantum efficiency (IQE) up to 700%. At
λ =640 nm and 12 μW of incident power, signal-to-noise ratio (SNR) of ×7 106 and specific detectivity (D*) of
1.2×1011 cmHz1/2W−1 are obtained. The PDs demonstrate 3 dB bandwidths (f3dB) up to 10MHz, corresponding
to response times of ∼ 40 ns. When operated at 100 K temperature the performance improves, especially at low
incident power, where at 10 nW D* increases to ×2 1013 cmHz1/2W−1, due to IQE in excess of 22000%. In order
to extend the photoresponse into the near-infrared (near-IR), PDs were fabricated on Ge substrates, yielding
room-temperature Rsp =1.5 A/W, IQE =134% and f3dB =10 kHz at the λ =1550 nm telecommunication
wavelength. Significant improvement to f3dB is expected in PDs employing thinner QD-containing layers.
Lowering temperature to 50 K and incident power to 10 nW yield D* = 1013 cmHz1/2W−1, resulting from IQE
exceeding 60000%. Based on the above figures of merit, as well as their Si technology compatibility, our Ge QD
PDs appear promising for high-performance photodetectors working in the visible and near-IR.

1. Introduction

Efficient photodetection of visible and near infrared light is crucial
for technological applications such as fiber optic telecommunications,
optical interconnects on chips and CMOS imaging cameras. Necessary
attributes of a high performance photodetector (PD) are high photon to
electron conversion efficiency, i.e., high responsivity (Rsp); ability to
detect weak incident optical signals, i.e., high specific detectivity (D*);
high signal-to-noise ratio (SNR); and finally fast response time, i.e.,
ability for the photo-generated current to quickly follow the modulation
of the optical signal. Commercial photodetectors employing the in-
trinsic photoelectric effect are fabricated using a variety of materials,
commonly bulk semiconductors, including but not limited to silicon
(Si), germanium (Ge) and indium gallium arsenide (InGaAs), depending
on the wavelength detection range. However, such devices are known
to have intrinsic limitations in their photo-conversion efficiencies as
they do not exhibit gain unless operated in avalanche mode, which
requires high-voltage biasing and slows the response time. On the other
hand, significant advantages arise by shrinking the size of bulk

materials down to the nanoscale in order to form zero-dimensional
quantum dots (QDs). Specifically, semiconductor QDs are characterized
by reduced phonon scattering, leading to longer carrier relaxation times
which favors photoconductive gain, as well as confinement in all three
spatial dimensions that can reduce the dark current, both contributing
to higher SNR. Furthermore, QDs are characterized by a tunable
bandgap which allows broad wavelength selection. Finally, intersub-
band transitions are polarization-independent, so normally incident
optical signals can be detectable.

Quantum dot photodetectors have been fabricated employing a
variety of active materials such as Si, Ge, InGaAs and PbS. Starting with
Si, Shieh et al. [1,2] have shown that the incorporation of Si QDs in a
SiO2 matrix on silicon substrates successfully increased the PDs’ IQE up
to 200% and achieved Rsp =0.4–2.8 A/W in the visible, thus beating the
performance of a standard Si photodiode with peak responsivity not
more than 0.7 A/W [3]. As for photodetectors based on Ge QDs dispersed
within a SiO2 matrix on silicon substrates, Hsu et al. [4] reported devices
with responsivities of 0.13A/W at λ =820 nm, whereas Tzeng et al. [5]
reported values up to 1.8 A/W with corresponding IQE up to 400% at
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λ =600 nm. Finally, Cosentino et al. [6] reported PDs exhibiting an even
further increase of IQE up to 1500%. Additionally, PDs based on solu-
tion-processed colloidal PbS QDs have showed high Rsp =1000 A/W,
D* up to 1.8 × 1013 cmHz1/2W−1 and bandwidths as high as 3MHz for
photodetection in the 800–2000 nm range [7–9]. As for photodetectors
sensitive to mid and long-IR radiation, various groups have reported PDs
employing stacks of InAs QDs within InGaAs quantum wells [10–13]
with best performances reaching Rsp as high as 2.5 A/W at =λ 10 μm
and T =190 K [14] and D* = 3 × 1011 cmHz1/2W−1 at =λ 9.3 μm
when cooled down to 78K [15].

Here we present a review of our work on QD photodetectors based
on Ge QDs embedded within a SiO2 matrix, deposited on Si and Ge
substrates for efficient photodetection in the visible and near-IR. The
PDs exhibit high responsivity, detectivity and fast response times, and
are fully compatible with silicon fabrication technology both in terms of
substrate compatibility and in terms of the thermal budget, as they are
characterized by lower synthesis temperatures than Si QDs [16,17].
Furthermore, Ge possesses a higher absorption coefficient, especially
when embedded in a SiO2 matrix due to localized interface states
[18–20] and finally a larger excitonic Bohr radius compared to Si,
which allows better modulation of the bandgap with QD size.

2. Fabrication process

In our fabrication procedure, Ge and SiO2 targets were co-sputtered
on n- and p-type Si or Ge substrates held at a temperature of 400 °C
during deposition, yielding oxide matrix films of thicknesses
WQD =60–230 nm with embedded Ge QDs (as measured by profilo-
metry and ellipsometry). After deposition, the thickness could be fur-
ther adjusted by etching in a dilute hydrofluoric acid (HF) solution.
Transmission electron microscopy (TEM) showed the presence of small,
densely and homogeneously distributed Ge QDs in the as-grown film
with mean QD diameter of 3 nm [18,21]. Following deposition, some
samples were annealed at 500 °C in a N2 environment for 30min thus
generating larger size and more densely packed Ge QDs with improved
crystalline quality [18] with the aim of providing devices with a
broader and more uniform photoresponse [6]. Subsequently, an opti-
cally transparent, highly-conductive 55 or 100 nm (as measured by
profilometry and ellipsometry) indium zinc oxide (IZO) or indium tin
oxide (ITO) layer of resistivity ≤ 0.001Ωcm (as measured by a four
probe measurement) was sputter-deposited as the top electrode. Fi-
nally, photolithography was performed in order to define various active
area devices, obtained by etching away the IZO or ITO and Ge QD/SiO2

layers using a dilute HF solution, with the aim of suppressing leakage
current on the unpassivated sidewall surface that is present in cleaved
samples. The structure was completed with a silver paste or indium
back contact and attaching to a glass or sapphire substrate [22,23]. The
PD schematic cross-section is presented in Fig. 1 (a).

3. Room-temperature photoresponse

Current-voltage (I–V) measurements were carried out in the dark
and under illumination as a function of incident wavelength. Two
1.5 mm2 area detectors, with WQD =200 nm, both fabricated on n-type
Si substrates that were annealed after deposition (see Section 2), one
fabricated by cleaving the as-deposited substrate and the other defined
by photolithography (see schematic in Fig. 1(a)), were illuminated at a
representative incident λ =600 nm at =P 12 μWin of incident power.
The I–V curves are plotted in Fig. 1 (b). The PDs rectify in the dark with
a rectification ratio greater than three orders of magnitude, measured at
symmetric voltages of −1 and 1 V and show a strong photoresponse
(three orders of magnitude for the photolithographically defined
sample) at −10 V. The photoresponse saturates for reverse bias higher
than −5 V implying that they can be operated with almost unchanged
performance in that range. Most importantly, it is observed that the
device defined by photolithography shows an order of magnitude

decrease in dark current as a consequence of suppressed leakage (see
Fig. 1(a)). An even lower dark current was observed when decreasing
the device active area to 0.5mm2, with values down to 6 × 10−9 A (not
shown).

The mean values and standard deviation (presented as error bars) of
Rsp and internal quantum efficiency (IQE) of two pairs of identical area
PDs with areas equal to 1.5 and 0.5 mm2 are shown in Fig. 2 at a reverse
bias of −10 V, together with the measured reflectance (R λ( )) at normal
incidence, over the λ =400–1100 nm wavelength range provided by a
xenon lamp coupled to a spectrograph for individual wavelength se-
lection. The responsivity in Fig. 2 (a) was measured by first calculating
the photocurrent, i.e. = −I I I| |ph t d , defined as the total current under
illumination (It) minus the dark current (Id) at the given reverse bias
and incident wavelength, and dividing it by the incident optical power,
Pin, i.e.

=R λ
I λ
P λ

( )
( )
( )

.sp
ph

in (1)

As is evident in Fig. 2 (a), the mean Rsp of the 0.5 mm2 devices
reaches a maximum of ∼ 2 A/W, whereas that of the 1.5 mm2 devices is
∼ 1.7 A/W. The responsivity drops off when approaching the near-UV
as well as near-IR but it is still ∼ 0.3 A/W at 400 nm and 1100 nm, i.e.
near the band-edge of the Si substrate. This is in contrast to the results
obtained by measuring the I–V curves of as-deposited (unannealed)
samples with slightly larger thickness (WQD = 230 nm) where Rsp, albeit
possessing a higher peak value of 4 A/W at same reverse bias of −10 V,
goes to zero when approaching the silicon bandgap (see Fig. 2(a)). The
annealed devices exhibit a lower peak but a broader and more uniform

Fig. 1. (a) Schematic cross-section of a Ge QD PD. The active area is defined by
photolithography in order to suppress peripheral leakage current (depicted by
arrows) on the unpassivated sidewall surface which is present in devices de-
fined by cleaving (depicted as semi-transparent). (b) Current-voltage char-
acteristics showing the photoresponse of two 1.5mm2 PDs as a function of
reverse bias, in the dark and under illumination of λ =600 nm at =P 12 μWin .
Black/blue solid lines depict dark current of cleaved/photolithographically
defined detectors, showing significant suppression of leakage current, whereas
dashed lines show current under illumination. (Adapted from [23]).
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spectral photoresponse. The extended spectral response can be ex-
plained by increased Ge QD size associated with an amorphous to
crystalline phase transition [18,24], leading to a smaller absorption
bandgap, whereas absence of sharp absorption peaks is attributed to
dispersion of QD sizes and an abundance of surface states [6]. Ad-
ditionally, the low standard deviation of the mean Rsp for same area
devices at all incident wavelengths is evidence that our fabrication
process leads to reproducible results. Moreover, Rsp values show little
dependence on active area as the incident power density was kept
constant during the measurements. Most importantly the devices show
much higher responsivity over the whole 400–1100 nm wavelength
range compared to a conventional Si photodiode [3] as clearly seen in
Fig. 2 (a), even when operated at lower bias voltage of –5 and −2 V
(see [22] for details). The IQE as a function of λ was also calculated as
follows:

=
−

λ λ
R λ

IQE( ) EQE( )
1 ( )

.
(2)

where R λ( ) is the specular reflectance shown in Fig. 2 (b), in which the
blue-shifting of the WQD =200 nm sample's reflectance peaks, com-
pared to the WQD =230 nm sample originates from shorter wavelength
modes supported within the respectively thinner optical cavity. Finally,
EQE is the external quantum efficiency calculated by normalizing the
photo-generated current by the number of incident photons at each
wavelength, i.e.

=λ hc
λ

REQE( ) sp (3)

The results are summarized in Fig. 2 (c) for both unannealed sam-
ples, showing IQE as high as 700%, and annealed samples showing a
lower peak value of 400%, but with a strong non-zero response near the

Si band-edge, i.e. IQE ∼ 50% at λ =1100 nm for both 1.5 and 0.5mm2

detectors. The obtained values of IQE >100% throughout the
λ =450–1000 nm range are clear indication of an internal gain me-
chanism present in the devices. Since gain persists down to reverse bias
as low as−2 V (see [22]) and an electron transverses more than 20 QDs
in a WQD ~ 100 nm layer, impact ionization can be ruled out as a
dominant gain mechanism. Instead, our explanation for the high pho-
toconductive gain of the PDs is as follows: 1) Electron-hole pairs are
photogenerated both in the Ge QDs and in the substrate; 2) due to the
large difference in the tunneling mass, the holes are exponentially
slower than electrons to tunnel between QDs in the SiO2; therefore 3) a
net positive hole charge accumulates in the QD layer and, in order to
maintain charge neutrality, 4) additional electrons need to be supplied
from the IZO or ITO reservoir, which tunnel through the SiO2 and
contribute to the observed photocurrent. A similar gain mechanism has
been suggested previously for photoconductive gain in QD PDs [4,25]
as well as in QW PDs [26].

4. Room-temperature transient photoresponse

A systematic study of the response time as a function of illumination
power, QD layer thickness (WQD) and series load resistance (RL) is
presented in this section. All response time measurements were per-
formed by illuminating the device, held at fixed reverse bias value of
−2 V with a modulated diode laser (either by a mechanical chopper or
by direct digital modulation of the laser) outputting light at
λ =670 nm. The photogenerated current was obtained by measuring
the voltage drop across the load resistor RL connected in series with the
PD [27]. Starting with the rise time (τon), it consists of an intrinsic,
optically induced turn-on time (directly linked to the optical excitation
rate of electron-hole pairs in the QDs and in the silicon substrate) to-
gether with a contribution from the characteristic CR time constant of
the circuit, where R is the total of the load resistance RL and intrinsic
series resistance of the detector. To quantify these effects, the transient
behavior of the photocurrent was measured under various illumination
powers and RL values. The dependence of τon on RL, plotted at two in-
cident optical power values, is presented in Fig. 3 for a WQD =230 nm
detector. The inset shows the time-resolved normalized photocurrent
from which τon is extracted, for the representative RL =10 kΩ case. As
expected, τon decreases with RL for a given incident optical power due to
a smaller CR time constant, with a minimum measured τon falling in the

−1 2 μs range, fast compared to other reported QD-based PDs [28–30].

Fig. 2. (a) Spectral responsivity (Rsp), (b) Normal incidence reflectance (R) and
(c) Internal quantum efficiency (IQE) spectra of as-deposited and annealed Ge
QD PDs at reverse bias of −10 V. In panels (a) and (c), for the annealed sam-
ples, each point represents the mean value, whereas the error bars represent the
standard deviation of measurements performed on different devices with same
area. Light blue curve in panel (a) depicts Rsp of a standard Si photodiode [3].
(Adapted from [22,23]).

Fig. 3. Turn-on time (τon) vs. load resistance (RL) at −2 V bias, at two different
incident powers for a WQD =230 nm PD. The inset shows the time-resolved
normalized photocurrent curves for RL =10 kΩ at two illumination powers.
The red line represents the system response obtained by measuring the
modulated laser beam using a fast commercial Si photodiode. (Reprinted with
the permission of the American Institute of Physics.).
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Moreover, Fig. 3 also shows that, for a given series resistance, faster
turn-on times can be achieved by increasing the incident optical power,
due to a higher excitation rate leading to an increased PD conductivity.

As for the turn-off time (τoff ), it is identified with the transit time of
the electrons through the QD network and the electron-hole pair re-
combination time. Assuming one of the main delays comes from the
transit time due to the diffusive percolative hopping of electrons tun-
neling between adjacent QDs, which to first approximation is propor-
tional to WQD

2 , faster response times can be achieved by fabricating
thinner devices. For this reason samples with various thinner active
layers were fabricated by etching down the original 230 nm-thick films
using a dilute HF solution [27]. The experimentally measured Rsp, R
and IQE of three samples with varied WQD =155, 120 and 58 nm, are
presented in Fig. 4 (a), (b) and (c). The three different WQD values were
estimated by fitting the reflectance curves of Fig. 4 (b) implementing a
multiple reflection model that takes into account the optical constants
of the various dielectric layers and modeling the QD layer using an
effective medium approximation (EMA) where the Ge concentration
was obtained by performing Rutherford backscattering spectrometry
(RBS) (data not shown here). From Fig. 4 (a), it is evident that reducing
WQD only slightly reduces Rsp. Even for the thinnest WQD ~ 60 nm PD,
the IQE is roughly constant at ∼ 100% over a wide λ =400–850 nm
range (see Fig. 4 (c)). On the other hand, τoff , measured at bias of −2 V,
using a 50Ω series resistor and 2mW of incident optical power, de-
creases quickly with WQD as seen in Fig. 5, where the horizontal error
bars demonstrate the error in estimating WQD due to uncertainty of the
Ge concentration value. The time-resolved data of the normalized
photocurrent from which τoff was exacted is provided in the top inset of
Fig. 5. ReducingWQD down to ∼ 60 nm reduces τoff to ∼ 40 ns, at the cost
of a slightly lower peak responsivity which is still above 0.5 A/W as is
evident in Fig. 4 (a). In order to verify the proposed carrier diffusive
hopping mechanism, the obtained response time data was quadratically
fitted, as shown in Fig. 5. The fit is reasonably consistent with the
measured data except at the lowest thickness value, where the devia-
tion can be attributed to parasitic capacitance (see [27] for details). The
fact that thinner PDs lead to faster response time, was also confirmed by

performing roll-off measurements of the normalized responsivity as a
function of laser modulation frequency (f) as is presented in the bottom
inset of Fig. 5 for the three respective WQD values. As can be seen, the
responsivity of the 155 nm thick PD begins to fall off quickly corre-
sponding to a 3 dB bandwidth (f3dB) of 40 kHz. However, the 3 dB
roll-off for the thinner devices can be pushed to higher frequencies as
the result of the faster rise and decay times. Specifically, for the thinnest
∼ 60 nm device, a f3dB value of 10MHz is achieved, corresponding to
the ∼τ 40off ns value reported above. This suggests that even faster
response times may be achievable by further reducing QD layer thick-
ness. Finally, there is also room for improvement by decreasing the
device area so as to reduce parasitic capacitance.

5. Temperature-dependent visible photoresponse and noise
performance

Apart from room-temperature measurements, the photoresponse
characterization was carried out at lower operating temperatures, so as
to observe any potential enhancement in PD performance arising from
the expected suppression of thermal carrier excitation. The top and
back electrodes of the photodetector were wire-bonded onto a sample
holder and mounted into a variable temperature closed cycle cryostat
with fused silica windows for optical access [31]. The I–V character-
istics of a 1mm2 active area photodetector comprising a WQD =200 nm
QD layer on a p-type Si substrate were carried out in the dark and at a
representative λ =640 nm at 12 μW of incident power, from 300 K
down to 100 K with a 50 K temperature step. The mean and standard
deviation of two consecutive measurements sets are presented in Fig. 6,
in which it is seen that the standard deviation of the current, re-
presented with error bars, is negligible thus confirming robust devices
with reproducible behavior. As seen in Fig. 6 (a), the dark current de-
creases by approximately one order of magnitude for every 50 K of
temperature reduction as a direct consequence of reduced thermal
generation of electron-hole pairs. This, in turn, increases the rectifica-
tion ratio at symmetric voltages of –2 and 2 V from four (at 300 K) to
seven orders of magnitude (at 100 K). The photoresponse, presented in
Fig. 6 (b), exhibits a considerable decrease at low and intermediate
reverse voltages, which is attributed to weaker phonon-assisted tun-
neling at lower temperatures. However, the measured total current

Fig. 4. (a) Rsp, (b) R and (c) IQE for devices of varying WQD at −2 V of reverse
bias. (Reprinted with the permission of the American Institute of Physics.).

Fig. 5. Measured τoff vs. WQD (solid squares) and fit of the experimental data
showing a quadratic dependence (red line). Top inset shows time-resolved
normalized photocurrent response measured at −2 V bias and 2mW incident
power, using a 50Ω load resistor. Bottom inset shows normalized responsivity
vs. modulation frequency (f) for devices with WQD =155, 120 and 58 nm
measured at the same conditions. All measurements were performed at
λ =670 nm illumination wavelength. (Reprinted with the permission of the
American Institute of Physics.).
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values at −10 V reverse bias converge to roughly the same value,
leading to a far greater Iph/Id current ratio. As extracted from Fig. 6, at
300 K and −10 V of reverse bias the PD exhibits Rsp =1.2 A/W,
EQE =226% and IQE =228% calculated for experimentally measured
reflectance R =0.87% at λ =640 nm. As for the 100 K case, despite
the slight decrease in photocurrent, values of Rsp =0.53 A/W,
EQE =102% and IQE =103% were obtained, which in turn improve
at lower illumination powers as discussed below.

The noise performance of a photodetector is characterized by the
signal-to-noise ratio defined as SNR = I σ/ph n, where Iph is the photo-
current and σn is the total current noise. Two main sources of current
noise need to be considered: First is the photocurrent shot (Poisson)
noise =σ e I BG2 ( )ph ph

2 associated with the discrete nature of photon-
electron generation where e is the elementary charge, G is the internal
gain (IQE) and B is the measurement bandwidth, i.e., half of the re-
ciprocal of the measurement averaging time as imposed by the Nyquist
sampling theorem = −B t(2 )avg

1. The second source is the intrinsic
thermal noise introduced by the detector circuit = +σ σ σ( )th j d

2 2 2 where
=σ kTB R4 /j L

2 is the Johnson-Nyquist noise introduced by the thermal
motion of charge within the load resistance RL connected in series to the
PD, k is the Boltzmann constant and =σ e I BG2 ( )d d

2 is the dark current
shot noise [3]. The photocurrent and IQE dependence on various in-
cident powers (Pin), ranging from 10 nW to 12 μW, measured for
T = 300 and 100 K are summarized in Fig. 7 at−10 V reverse bias for a
1mm2 area PD with WQD = 200 nm using a RL =15 kΩ resistor. At
300 K, Iph increases linearly so IQE remains approximately constant. On
the other hand, at 100 K the photocurrent shows a much weaker sub-
linear power dependence, therefore leading to a growing difference
compared to 300 K as Pin is lowered, see Fig. 7 (a). The mechanism

responsible for this trend is the following: At 100 K the number of
available percolation paths within the QD layer through which elec-
trons can tunnel reduces as a consequence of weaker phonon-assisted
tunneling, resulting in longer hole lifetimes. Therefore, the photo-
current tends to saturate at lower incident powers compared to 300 K.
This saturating trend of the photocurrent and the longer trapped charge
lifetimes lead to strongly enhanced IQE with values in excess of
22000% as is shown in Fig. 7 (b). Additionally, the detector's electrical
3 dB frequency response (f3dB) was also measured via frequency-de-
pendent roll-off measurements of the voltage across the load resistor
using digital modulation of the laser for both temperature values. As
seen in Fig. 7 (c), at 300 K the frequency response increases sublinearly
with incident optical power, as the conductivity of the PD increases,
leading to a smaller total series resistance, thus a smaller CR time
constant, reaching a maximum of 1 kHz. This value agrees with the 3 dB
bandwidth of 2 kHz measured for a 0.5 mm2 area detector, possessing a
∼ 50% smaller CR constant. We point out that the smaller bandwidth
values obtained here compared to the ones presented in Section 4 are
due to a non-optimized device structure and measurement conditions,
as larger WQD, RL and lower incident power were used here. At
T =100 K, the frequency response is dramatically suppressed and re-
mains around 1 Hz throughout the incident power range, an effect also
attributed to the longer charge trapping and hopping times within the
QD matrix. Based on these findings, the dependence of the two sources
of noise on incident power were calculated (see [31] for details), which
makes it possible to estimate the respective SNR for the 300 and 100 K
operating temperature cases. As observed in Fig. 8, in the low-power
regime of Pin =10 nW, SNR increases with decreasing temperature with
values from ×2 104 (at 300 K) to ×2 105 (at 100 K), whereas the same
maximum of ×7 106 is observed at 12 μW for both temperatures. This is
a direct result of the photocurrent (see Fig. 7) and photocurrent shot-
noise behavior (see [31]) and is evidence that the photodetector ben-
efits from 100 K operation mostly in the lower incident power regime.

Another important figure of merit to characterize the detector per-
formance is the specific detectivity =D A* ( ) /1/2 NEP, where A is the
photodetector area and NEP is the noise-equivalent-power normalized

Fig. 6. I–V curves vs. temperature in the 100–300 K range of a 1 mm2 photo-
detector (a) in the dark and (b) under illumination at 640 nm wavelength for
12 μW of incident power. Dark current decreases approximately one order of
magnitude per 50 K as a consequence of reduced thermal generation of elec-
tron-hole pairs, whereas the current under illumination slightly decreases as a
result of suppressed phonon-assisted tunneling, stemming from decreased
phonon densities at lower temperatures. The error bars represent the standard
deviation from the mean of two consecutive measurement sets, confirming
reproducible photodetector performance.

Fig. 7. Experimentally measured dependence of (a) photocurrent, (b) IQE and
(c) 3 dB frequency response of the photodetector circuit on incident optical
power ranging from 10 nW to 12 μW at −10 V reverse bias for operating tem-
peratures of 300 and 100 K. At 300 K the photocurrent increases linearly with
optical power, whereas at 100 K it exhibits a sublinear behavior resulting in
higher IQE, due to longer hole lifetimes which also lead to a lower 3 dB fre-
quency response at 100 K.
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by the measurement bandwidth B. Physically, NEP is a measure of the
minimum optical power detectable by a photodetector, i.e., it is the
power needed to generate a signal equal to the detector's intrinsic
thermal noise floor, σth, resulting in SNR =1, i.e., =I σph th, for a
measurement bandwidth B of 1 Hz, i.e., a measurement time of 0.5 s.
This implies that NEP = σ R B/( )th sp . Given that all measurements were
carried out in a 1.6 s averaging time window (B = 0.3 Hz), this yielded
NEP = × −9.6 10 13 W/ Hz and thus = ×D* 1.2 1011 cmHz1/2W−1 at
300 K, a value that is competitive or even superior to various other
material photodetectors reported for a similar wavelength at 300 K in
the literature [32–39]. Following the same procedure for the 100 K case
yielded NEP= × −5.3 10 15 W/ Hz and thus = ×D* 2 1013 cmHz1/2W−1

which represents a two orders of magnitude improvement. It is im-
portant to note that the D* values reported above were calculated for
Rsp corresponding to the lowest Pin =10 nW value. This does not
change the value of D* for the 300 K case, where Rsp is approximately
constant regardless of Pin. In contrast, at 100 K, Rsp increases dramati-
cally in the low Pin regime, as demonstrated in Fig. 7, leading to a
significantly lower NEP and thus greater D*. The detectivity calculated
for Rsp at the highest incident power of 12 μW is approximately the
same for both 300 and 100 K cases, meaning that the detector's noise
performance only benefits from operating at 100 K in the low Pin re-
gime, as is also evident in Fig. 8.

6. Temperature-dependent near-IR photoresponse and noise
performance

Since the Si substrate is practically transparent to incident light
above 1100 nm at 300 K, only electron-hole excitation in the Ge QDs
themselves can significantly contribute to the photocurrent and thus the
photoresponse at near-IR excitation is quite weak. In order to study the
near-IR photoresponse, a NKT SuperK super-continuum laser was uti-
lized as an illumination source, together with narrow bandpass filters
(FWHM ∼ 10 nm) with center wavelengths of 1100, 1300, 1400 and
1550 nm intercepting the beam, to pick up the desired wavelength. At
300 K the photoresponse in the near-IR was swamped by the dark
current, however cooling the PD below 200 K produced a photocurrent
approximately three orders of magnitude higher than the dark current
at 1100 nm and up to two orders of magnitude higher than the dark
current in the 1300–1550 nm range, at =P 12 μWin and −10 V of bias.
This produced weak ≤Rsp 1mA/W in the aforementioned wavelength
range (see [31] for details). Since such values are considerably low, in
order to magnify the PDs’ room-temperature near-IR photoresponse and

most importantly at the λ =1550 nm telecommunication wavelength,
devices were fabricated by depositing the Ge QD containing SiO2 matrix
on Ge rather than Si substrates following the same fabrication proce-
dure as the one described in Section 2. Devices with active areas equal
to 1.5mm2 defined by photolithography, comprising a WQD =160 nm
QD layer and with a 100 nm-thick IZO layer as a top contact were
realized.

I–V characterization of the photodetector was carried out in the
dark and at λ =1550 nm for 12 μW of incident power, from 300 K
down to 50 K with a 50 K temperature step in order to suppress the
considerably higher dark current due the smaller bandgap of the Ge
substrate. The mean and standard deviation (shown by error bars) of
two consecutive measurements sets are presented in Fig. 9, where the
small error bars confirm reproducible and robust device behavior. As
seen in Fig. 9 (a) the dark current decreases with temperature which in
turn increases the rectification ratio at symmetric voltages of –2 and 2 V
from two (at 300 K) to nine orders of magnitude (at 50 K). The photo-
response, presented in Fig. 9 (b), exhibits a considerable decrease at low
reverse voltages for 50 and 100 K, which is attributed to weaker
phonon-assisted tunneling at lower temperatures. However, at higher
reverse voltages (greater than −8 V) and T =50 K the photocurrent
exceeds that at 300 K. This is attributed to the increase in carrier mo-
bility in the Ge substrate as temperature drops [40]. What is more, the
saturated behavior of the photocurrent for reverse bias in the –10 to
−2 V range at operating temperatures of 150–300 K indicates that the
PDs can be operated at much lower voltage with almost unchanged
performance in this temperature range. Based on the I V( ) character-
ization presented in Fig. 9, the responsivity as a function of operating
temperature and bias can be extracted yielding the following: For
−10 V bias at 300 K, Rsp =1.5 A/W, corresponding to EQE =118%
and IQE =134% for an experimentally measured sample reflectance
R =12.17% at λ =1550 nm, values which are higher than a com-
mercial Ge photodiode measured at the same wavelength [41]. A
maximum Rsp =7.4 A/W, EQE =590% and IQE =672% are achieved

Fig. 8. SNR dependence on incident optical power at reverse bias of −10 V for
operating temperatures of 300 and 100 K, showing up to an order of magnitude
improvement in the low-power regime at 10 nW when the PD is cooled to
100 K.

Fig. 9. I–V characteristics of a 1.5 mm2 PD in the dark (a) and under illumi-
nation of λ =1550 nm at 12 μW of incident power (b), as a function of oper-
ating temperature in the 50–300 K range.
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at 50 K, due to increasing Iph for temperatures below 150 K.
The dependence of the photocurrent, IQE and 3 dB bandwidth on Pin

ranging 10 nW to 12 μW at λ =1550 nm are presented in Fig. 10 for
−10 V of reverse bias at various operation temperatures, namely 300,
200, 100 and 50 K, using RL =15 kΩ. We point out here that at tem-
peratures of 300 and 200 K and Pin =10 nW and 30 nW, photoresponse
is not discernible within a standard deviation of two consecutive I–V
measurements sets as the total current is dominated by the dark cur-
rent. As can be observed in Fig. 10 (a), for T =300 K the photocurrent
exhibits linear behavior for >P 1 μWin , becoming sublinear at lower
values. This is due to the total current approaching the dark current,
thus leading to negligible Iph, which consequently plateaus as illumi-
nation power decreases far below 1 μW. Furthermore, for temperatures
below 300 K the photocurrent becomes increasingly sublinear as a
function of incident power. As is evident from Fig. 10 (b), this leads to
IQE increasing as incident power is lowered, an effect that is magnified
with decreasing temperature (as also demonstrated in Section 5 for
visible excitation). Specifically, at 10 nW, IQE values of ∼ 1000% are
reached at 100 K and in excess of 60000% when further lowering the
temperature to 50 K. The dependence of f3dB on incident power for the
various operating temperatures is presented in Fig. 10 (c). At 300 K and
1 μW of incident power f3dB =10 kHz. The room-temperature f3dB
further increases when >P 1 μWin , however quantitative values were
not obtained due to the limited range of chopper frequencies achiev-
able. Photoresponse for <P 1 μWin is not discernible so f3dB is not
provided. At 200 K, following a sublinear increase above 100 nW of
incident power, f3dB reaches a maximum of 6 kHz at 12 μW. As oper-
ating temperature is decreased f3dB also decreases in accordance with
the results presented in Section 5. At 100 K, as well as 50 K, f3dB in-
creases sublinearly above 1 μW with maximum values falling to 800 Hz
and 300 Hz respectively, whereas it remains around or below 20 Hz at
lower powers. It is worth noting that even though these bandwidth
values are significantly smaller than the ones obtained for visible

excitation presented in Section 4, higher values can be achieved in
devices with thinner WQD and by minimizing parasitic capacitance and
RL. Knowledge of the photocurrent and IQE dependence on Pin and
temperature provides the respective SNR dependence shown in Fig. 11.
The maximum room-temperature SNR is ×4 106 at 12 μW of incident
power. For operation below 200 K the SNR at 12 μW remains relatively
unchanged at 107, whereas for low incident power of 10 nW, it is dra-
matically increased from zero at 300 K (because of the total current
being swamped by the dark current) to ×1.5 105 at 100 K, further in-
creasing at 50 K. The specific detectivity (D*) dependence on incident
power and temperature, is presented in Fig. 12. When temperature is
lowered, D* increases as a direct consequence of decreasing thermal
noise and increasing Rsp. Specifically, as a function of incident power,
D* remains approximately constant at 300 K with a value
∼ ×3 1010 cmHz1/2W−1 which is competitive to Ge based photo-
detectors reported for a similar wavelength and temperature in the
literature [42,43], whereas at 200 K ∼ ×D* 1.1 1011 cmHz1/2W−1. In
both cases the value is approximately constant because of the ap-
proximately unchanging IQE. On the other hand for T =100 K and
50 K, D* increases with decreasing incident power as a direct con-
sequence of growing Rsp (see Fig. 10 (a) and (b)) and reaches a

Fig. 10. Experimentally measured dependence of (a) photocurrent, (b) IQE and
(c) 3 dB frequency response on incident optical power at λ =1550 nm ranging
from 10 nW to 12 μW at −10 V reverse bias for operating temperatures in the
50–300 K range. As temperature decreases the photocurrent becomes more
sublinear resulting in higher IQE, which in turn increases with diminishing
optical power resulting from a saturated QD charging process (see Section 5). At
300 K, f3dB =10 kHz for =P 1 μWin , where dashed arrow indicates in-
creasing f3dB values with incident power. (Quantitative values not obtained due
to limited range of chopper frequencies.) As temperature is lowered, f3dB values
respectively decrease.

Fig. 11. SNR dependence on incident power and operating temperature, at
−10 V of reverse bias, showing an increasing trend as temperature is decreased,
especially at lower incident powers, where the enhancement is most prominent.

Fig. 12. Specific detectivity (D*) dependence on incident power and operating
temperature, at −10 V of reverse bias with values remaining approximately
constant for temperatures of 300 and 200 K, however showing a climbing trend
as a direct consequence of increasing IQE at lower incident powers for tem-
peratures below 200 K (see Fig. 10).
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maximum of ×1.1 1012 cmHz1/2W−1 for 100 K and 1013 cmHz1/2W−1

for 50 K, at the lowest Pin =10 nW optical power value.

7. Summary

To summarize, we have provided a review of our work on Ge QD
photodetectors fabricated on Si and Ge substrates that exhibit superior
room-temperature responsivity in the visible and near-IR compared to
commercial Si or Ge photodiodes as a consequence of high internal
photoconductive gain. Specifically, devices grown on Si substrates
showed a broad and uniform spectral photoresponse with Rsp above
1 A/W over the entire λ =550–1000 nm range at −10 V bias, with a
peak responsivity of 4 A/W at 900 nm corresponding to IQE =700%.
Photodetectors fabricated on Ge substrates showed room-temperature
Rsp =1.5 A/W corresponding to IQE =134% for the λ =1550 nm
telecommunications wavelength at −10 V bias. As for their frequency
response, at room-temperature operation 3 dB bandwidths up to
10MHz were achieved at λ =670 nm for optimized conditions, i.e.
thinning down the QD layer and minimizing the load resistance RL. At
λ =1550 nm, f3dB =10 kHz was obtained, which can be equivalently
enhanced by optimizing the device structure and measurement condi-
tions. Noise performance characterization for PDs on Si substrates and
visible excitation of 640 nm showed maximum room-temperature SNR
of ×7 106 at =P 12 μWin , whereas for devices on Ge substrates a
maximum SNR of ×4 106 was reported at λ =1550 nm for the same Pin.
By lowering the operation temperature, it was shown that the noise
performance at both 640 and 1550 nm is strongly enhanced especially
at lower Pin. For PDs on Si substrates, SNR at 10 nW was increased from

×2 104 (at 300 K) to ×2 105 (at 100 K), thus showing an order of
magnitude improvement due to photoconductive gain over 22000%
resulting from saturation of the QD charging process at low tempera-
ture. For λ =1550 nm at 300 K and Pin =10 nW, the PD showed no
photoresponse, however lowering the temperature to 100 K led to
SNR = ×1.5 105, increasing even further to ×3 105 at 50 K, stemming
from photoconductive gain values over 60000%. Finally, devices on Si
substrates exhibited room-temperature specific detectivity of

= ×D* 1.2 1011 cmHz1/2W−1 at λ =640 nm achieving two orders of
magnitude increase up to = ×D* 2 1013 cmHz1/2W−1 when lowering
the temperature to 100 K, at Pin =10 nW. As for PDs on Ge substrates,
room-temperature detectivity of ×3 1010 cmHz1/2W−1 was achieved at
λ =1550 nm, improving to ×1.1 1012 cmHz1/2W−1 at 100 K and 1013

cmHz1/2W−1 at 50 K, for Pin =10 nW. Based on the figures of merit
presented above, our Ge QD photodetectors prove to be competitive or
even superior to commercial Si or Ge photodiodes as well as other
material PDs reported in the literature for detection in the visible and
near-IR, (see Table S1 [44]) as long as their time response is further
enhanced by optimizing the QD-containing layer.
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