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Abstract

To establish high-bandwidth chip-to-chip interconnects in optoelectronic integrated circuits,
requires high-performance photon emitters and signal receiving components. Regarding the
photodetector, fast device concepts like Schottky junction devices, large carrier mobility
materials and shrinking the channel length will enable higher operation speed. However,
integrating photodetectors in highly scaled ICs technologies is challenging due to the efﬁciencyspeed trade-off. Here, we report a scalable and CMOS-compatible approach for an ultra-scaled
germanium (Ge) based photodetector with tunable polarity. The photodetector is composed of a
Ge Schottky barrier ﬁeld effect transistor with monolithic aluminum (Al) source/drain contacts,
offering plasmon assisted and polarization-resolved photodetection. The ultra-scaled Ge
photodetector with a channel length of only 200 nm shows high responsivity of about
R=424 A W−1 and a maximum polarization sensitivity ratio of TM/TE = 11.
Supplementary material for this article is available online
Keywords: photodetector, negative photoconductivity, photogating effect, polarization
sensitivity, plasmon-assisted photodetection
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

limitations of electrical and thermal parasitics associated with
MOS scaling [1, 2]. In the context of the development of highperformance photodetectors required for this purpose, Ge has
once again moved into the center of interest. Owing to the
excellent optoelectronic properties, which include high
responsivity [3] from visible to near-infrared wavelengths, high
bandwidths [4] and compatibility with CMOS fabrication, Ge
on silicon based devices may become an integral part of next
generation integrated silicon photonic communication systems.
However, while advanced ﬁeld effect transistors have already
been downscaled to a few nanometers [5], the common

In the post-Moore era, optoelectronic integrated circuits
(OEICs) are considered as a promising scheme for overcoming
3
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Figure 1. Device fabrication scheme. (a) Schematic diagram of the fabrication process based on a GeOI wafer substrate. The inset depicts the
mechanism of the Al–Ge exchange via rapid thermal annealing for heterostructure formation. (b) Diagram of the wafer-scale Al–Ge–Al
device array. The enlarged panel shows the detail view of the Ge SBFET with two Al pads as source and drain electrodes and the Si handle
wafer as common back gate. Corresponding microscope images are shown in (c). The upper panel shows the SEM image of a photodetector
with a channel length of L=200 nm and below the corresponding HRTEM image at the Al/Ge interface. The width and length of Ge
channel are labelled as W and L in the upper panel, respectively.

device with monolithic Al electrodes for plasmon-assisted
photodetection, with high responsivity. The electrostatically
tunable polarity and polarization sensitivity measurement
offered by this device will further enhance the information
bandwidth in optoelectronic integrated circuits.

dimension of a pixel of an imaging charged-coupled photodetection device still sticks on the micrometer scale [6], which
causes integration mismatch and thus limits practical applications. The main challenge of scaling photodetectors even below
the diffraction limit is the resulting low responsivity also
regarded as the efﬁciency-speed trade-off [7, 8]. To meet higher
operation speed and low-power requirements for high-bandwidth-density chip-to-chip interconnects, the photodetector
must exhibit a low capacitance while attaining high responsivity. To overcome this limitation, one approach is utilizing the
light concentrating properties of metallic nanostructures [9–11].
Thus, it has been demonstrated that redesigning electrodes as an
optical antenna can enhance the sensitivity of a photodetector
[12] and in the case of Ge, efﬁciently increase light absorption
[11]. Further, well-designed plasmonic metal gratings offer the
possibility of polarization-resolved photodetection [13, 14].
However, from the application perspective both, detection
performance and fabrication issues have to be considered. Most
of the proposed plasmon-assisted photodetectors employ III–V
compound semiconductors and gold as the metal due to its
chemical inertness [15]. Apart from the fact that these are costintensive materials, they are difﬁcult to integrate into mature Si
platform technology. In this regard, it is of particular interest
that Al plasmonic gratings have been conﬁrmed to have the
capability of enhancing light absorption even in the visible
spectrum [16]. In this letter, we demonstrate a scalable approach
for an ultra-scaled, CMOS-compatible Ge Schottky barrier

2. Results and discussion
Figure 1(a) illustrates the wafer-scale fabrication scheme
of the monolithic metal–semiconductor–metal (Al–Ge–Al)
photodetector. First of all, Ge pads are patterned from an
intrinsic Ge on insulator (GeOI) wafer using optical lithography and reactive-ion etching (RIE). Thereafter Al contacts
are attached to the Ge pads using again optical lithography, Al
sputter deposition and lift-off techniques. The photosensitive
detector area is hereafter adjusted by controlling the Ge
channel length via a thermal induced Al–Ge exchange reaction,
of which mechanism is basically illustrated in the inset of
ﬁgure 1(a) and discussed in detail in our former works [17, 18].
Such standard semiconductor processing enables the waferscale fabrication (ﬁgure 1(b)) of arrays of ultra-scaled devices
with a reproducible channel length even below 50 nm [19]. The
scanning electron microscopy (SEM) image in ﬁgure 1(c)
shows a typical Al–Ge–Al heterojunction device with a Ge
channel length of L=200 nm and a height of 75 nm, determined by the intrinsic device layer thickness of the GeOI
2
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Figure 2. Tunable photoconductivity. (a) Transfer characteristic of a Ge SBFET with a channel length of L=200 nm with and without

illumination (λ = 532 nm) with a laser intensity of 0.3 W cm−2. The drain voltage was set to 10 mV. (b) Photoconductance DG = Gph - Gd,
as a function of wavelength. The error bars are the standard deviation of experimental values from 5 repeating measurements. (c) Band
diagrams for a descriptive discussion of PPC and NPC.

wafer. Without limiting the generality the Ge channel width of
all devices within this investigations was chosen with W=
2 μm. Besides the possibility of parallel processing this
approach enables ultra-scaled metal–semiconductor–metal
devices with remarkable abrupt Al–Ge interfaces (see high
resolution transmission electron microscopy (HRTEM) image
in ﬁgure 1(c)) with low contact resistance [17]. Such monolithic Al–Ge–Al heterostructures on the GeOI wafer resemble
back-gated Schottky barrier ﬁeld-effect transistors (SBFETs)
with the 120 nm thick buried silicon oxide acting as gate dielectric and the handle wafer as common back gate
(ﬁgure 1(b)).
Figure 2(a) shows a typical transfer (Ids–Vg) characteristics of an Al–Ge–Al SBFET with a channel length of
L=200 nm and a width of W=2 μm in dark and under
laser irradiance (λ = 532 nm) of 0.3 W cm−2, respectively.
Without illumination the device behaves like a p-channel
enhancement mode transistor with the characteristic sharp
increase in drain current for negative gate voltages. Notably,
this p-type behavior is not a result of unintentional Al doping
of the Ge channel during the Al/Ge exchange, but commonly
observed for unpassivated Ge based devices due to effective
surface doping [20]. For the actual 75 nm thick Ge channel,
surface states at the GeOx/Ge interface and negatively charged
traps in the native oxide determine the electronic response with
holes as majority carriers [21]. Such trap states with time
constants up to several minutes [20] induces also inevitable
hysteresis phenomena in the double-sweeping transfer characteristics (ﬁgure S1(a) (available online at stacks.iop.org/

NANO/32/505205/mmedia)) due to a delayed response on
abrupt changes of the gate voltages (ﬁgure S1(b)). For the
actual Ge SBFET, scattering at charged surface traps also leads
to a signiﬁcant reduction of the carrier mobility to approximately 445 cm2 V−1 s−1 (suppl. information—ﬁgure S1(a)) in
agreement with other reports on GeOI wafer-based devices
[22]. However, as the gate voltage increases, hole accumulation decreases and, after depletion of charge carriers, inversion
occurs for sufﬁciently large positive gate voltages, the current
of which is dominated by electrons.
Under laser irradiance the overall shape of the transfer
characteristic remains essentially the same, but somewhat
shifted towards more positive gate voltages. This shift of the
threshold voltage is reﬂected in an increase of the drain current in the hole accumulation and depletion regime, commonly depicted as positive photoconductivity (PPC) (area
highlighted green in ﬁgure 2(a)). Since the energy of the
exciting photons (2.33 eV) is far above the bandgap of Ge,
photogenerated hot electrons efﬁciently ﬁll the, above mentioned, localized surface states and traps. These now negatively charged traps localized in close proximity to the
current-carrying channel of the SBFET act as a very effective
local gate and cause the observed shift in threshold voltage.
The photogating effect can be expressed by [23]
Iph » gm · DVth,

(1 )

where Iph is the photocurrent, gm = dIds dVg is the transconductance and DVth the irradiation induced shift of the
threshold voltage. The effect of photogating is even more
3
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tangible at high light intensities (ﬁgure S2) and leads to
impressively high responsivity, gain and detectivity of
R=424 A W−1, g = 1.4 ´ 10 3 and D = 2 ´ 1010 Jones,
respectively determined at a gate voltage of Vg = −50 V
under laser irradiance of 0.3 W cm−2 and a wavelength of
λ = 532 nm. Their dependence on the light intensity is shown
and discussed in the supplementary (ﬁgure S3). Unfortunately, the photogating effect also leads to a signiﬁcant limitation of the unpassivated Ge SBFET photodetector with
regard to its temporal behaviour with rise and fall times of
τrise = 1.07 s and τfall=1.2 s, respectively (ﬁgure S4). With
respect to its use at different wavelengths, the Ge SBFET
device shows pronounced PPC and high responsivity in the
visible and near-infrared region (see ﬁgure S5) with cut-off
near 1580 nm, in agreement with the bandgap of Ge.
Contrary in the electron dominated transport regime
(Vg>27 V; area highlighted yellow in ﬁgure 2(a)) laser irradiance leads to a reduction of Ids from now on referred to as
negative photoconductivity (NPC). Thus, the responsivity and
even the polarity of the photodetector can be adjusted only by
changing the gate voltage. For the Ge SBFET device, NPC is
observed when the Ge channel is in inversion behaving like an
n-type semiconductor. Essentially, there are two mechanisms
that can cause NPC in n-type semiconductors: (i) severe carrier
scattering at photogenerated recombination centers [24] or (ii)
trapping of photogenerated hot electrons inducing subsequently
depletion of the conduction channel [25–27]. For the actual
device, increased scattering seems to play a minor role, as the
mobility remains largely unaffected, conﬁrmed by the equal
slope in the linear region of the transfer curves even for very
high light intensities (ﬁgure S2). Meanwhile, photogenerated
hot electrons ﬁll up surface traps, making them negatively
charged and thus by counteracting the positive back gate, lower
the effective gate voltage applied to the Ge channel [26]:
Vgeff

= Vg -

∣ Qtrap ∣
C

,

causing the common p-type like behavior of an unpassivated
Ge channel. Upon irradiation with photons with sufﬁciently
high energy, photogenerated hot electrons occupy traps above
the Fermi level and thus reinforce the negative local gate. This
is accompanied by an increased upward bending of the bands,
which in turn leads to an increased accumulation of holes and
thus improved conductivity resulting in the observed PPC.
At high positive gate voltages i.e. the regime where NPC
is observed, the Fermi level is shifted towards the conduction
band, which leads to downward bending of the conduction
band, and thus accumulation of electrons at the interface.
Notably the raised Fermi level already leads to increased
occupation of traps near the edge of the conduction band, even
without illumination. Under laser irradiance, further traps far
above the Fermi level are ﬁlled by photogenerated high energetic electrons. These now negatively charged traps counteract
the positive back gate, thus depleting electrons in the channel,
which ﬁnally manifests itself in the observed NPC.
With the photogeneration of hot electrons being proportional to the light intensity and the overall number of traps
limited, saturation of the photogating effect can be expected for
high light intensities. Figure 3(a) shows the photoconductance
of Ge SBFETs with different channel lengths as a function of
the light intensity. The gate voltage was set to Vg = +50 V and
the drain voltage adjusted to the different channel lengths so
that the same ﬁeld strengths of E=500 V cm−1 prevail in all
devices. For the device with a channel length of L=200 nm
one can clearly see the ﬂattening of the NPC at approximately
6 W cm−2 and for all 3 devices even a change to PPC was
observed for high light intensities. According to the hot carrier
trapping model from Y. Yang et al [25], the photoconductivity
i.e. light induced change of conductivity Ds at low light
intensity can be derived as (suppl. information—ﬁgure S6)
tth tdetrap ⎞
Ds = (Dn + nhot ) emn = gemn ⎛⎜trec ⎟
ttrap ⎠
⎝

(2 )

(3 )

with Dn the density of electrons at the band-edge, nhot the
density of hot electrons, e the elementary charge, μn the mobility
of electrons, g the photoexcitation rate, trec the band-edge carrier
recombination lifetime and tth, tdetrap, ttrap the hot carrier thermalization, detrapping and trapping time, respectively. The hot
carrier thermalization time tth of Ge is reported in scale of
picoseconds [28]. As mentioned above, the detrapping time of
oxide states tdetrap may take several minutes [29], whereas the
trapping time of Ge is in the order of ttrap = 10–7–10–8 s [30].
tth tdetrap
Thus for low light intensities
is larger than trec =
ttrap
10–3 s, which is the longest lifetime of electrons in Ge reported
[31], resulting in NPC.
At high light intensity, practically all traps are ﬁlled up
due to the long detrapping time and Ds becomes

where Vg is the applied gate voltage, Qtrap the charge of the
ﬁlled surface traps and C the capacitance of the surface oxide.
The energy dependence of the occupation of the traps will
be discussed brieﬂy with reference to ﬁgure 2(b). Therefore,
the photoconductance deﬁned as DG = Gph - Gd (where
Gph and Gd are the conductance of the Ge SBFET under illumination and at dark, respectively) is determined in the regime of
NPC at Vg = 40 V at various wavelength. Starting at
λ = 700 nm, the photoconductance of ΔG = −60 nS increases
continuously with the wavelength until it ﬁnally levels off at
around λ = 900 nm which corresponds to an energy of 1.34 eV.
Accordingly, under the given biasing conditions, NPC due to
photogating is observed only for light with an energy above
1.34 eV, indicating an equivalent activation barrier to ﬁll the traps.
The effect of the traps on the polarity of the photoresponse
will be shortly summarized with the help of the schematic band
diagrams shown in ﬁgure 2(c). At negative gate voltages and
without illumination, the Fermi level approximates the valence
band and only traps below the Fermi level are ﬁlled. These,
acting as an additional negative local gate, induce a further
upward bending of the Ge bands and hence hole accumulation,

Ds » emn (gtrec - Ntrap).

(4 )

The number of photons absorbed per second for the
actual experimental setup are calculated to be more than 1011
for the highest light intensity of P=30 W cm−2 (see suppl.
information). Assuming a recombination lifetime of electrons
4
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Figure 3. Photoconductance of devices with different channel lengths (a) ΔG of three devices with various channel lengths as the function of

the light intensity at a gate voltage of Vg = 50 V. The bias voltage was adjusted accordingly to have the same electric ﬁeld strength of
E=500 V cm−1 in all devices. (b) Responsivity as a function of channel length at a gate voltage of Vg=0 V. All devices are measured at
light intensity of 3 W cm−2 and an electric ﬁeld intensity of 500 V cm−1.

in the order of trec = 10–4 s in n-type Ge with doping density
of 1013 cm−3 [32], gtrec (in the scale of 107) is larger than
Ntrap (in the scale of 106 for a 200 nm channel device)
resulting in an increase of photoconductivity. Thus for very
high light intensities saturation of the traps rules out NPC as
shown in ﬁgure S6. For all three devices we observed NPC at
low light intensity turning to PPC at high light intensity, with
the shortest channel device showing by far the strongest
photoresponse for both NPC and PPC.
As operating a photodetector with gate voltages of a few
tens of volts is not conceivably for practical applications we
investigated ungated devices of various channel lengths,
notably again with appropriate biasing to adjust the same ﬁeld
strength of E=500 V cm−1. Note that the choice of a thinner
buried silicon oxide or a top-gated devices architecture with
high-k dielectric could signiﬁcantly reduce the required gate
voltage. However the respective responsivity of the actual
ungated device as a function of channel length shown in
ﬁgure 3(b) is a measure of optical-to-electrical conversion
efﬁciency and is given by:
R=

Iph
S·P

=

Iph
W·L·P

to plasmon-assisted photodetection. The nanoscale monolithic
Al electrodes which are assembled self-aligned during the
thermal induced Al–Ge exchange reaction (see SEM image in
ﬁgure 1(c)) reinforce the electromagnetic ﬁeld intensity near its
surrounding, enhancing light absorption and thus responsivity
[33]. In addition, the photogenerated electron–hole pairs can be
extracted more effectively in a shorter device and are therefore
less likely to recombine.
Previous studies have further shown that metallic gratings can also introduce polarization-dependent functionality if
their periods are less than the wavelength of the incident light
[34–38]. Thus for ultra-scaled Ge SBFET devices the optical
resonances of the nanoscale monolithic electrodes offer
the ability to control the detector’s polarization-dependent
response [12, 39, 40], which may efﬁciently extend the
information bandwidth in OEICs. Figure 4(a) shows a
polarization-dependent photocurrent mapping for the ultrascaled device with a channel length of L=200 nm where j
deﬁnes the orientation of the polarization plane in relation to
the Ge segment. It can be seen that the device provides the
strongest response with the electric ﬁeld oriented perpendicular (TM) to the Al–Ge interface (see ﬁgure 4(b)). The
photocurrent of the device under TM incidence is about ∼1.5
times greater than for TE incidence and the magnitude of
photocurrent at a drain voltage of Vds = 10 mV can be well
ﬁtted with a sinusoidal function (ﬁgure S7). As shown in the
lower inset of ﬁgure 4(b) the Ge segment in this ultra-scaled
Ge SBFET device appears as an elongated or nanowire-like
structure about 2 μm long, 200 nm wide and only 75 nm
thick. The highest photocurrent observed for TM incidence, is
in contradiction to the polarization sensitivity of regular
semiconductor nanowires which, due to the dielectric mismatch effect [41], show the highest photoresponse when light
is polarized along their axis. The polarization dependence is
thus a further evidence of the plasmon-assisted detection
mechanism of the heterostructure M–S–M photodetector. The
surface plasmon polariton resonance in the metal cavity

(5 )

with Iph the photocurrent, P applied light intensity and the area
S (S = W · L ) of the photosensitive Ge segment. Somewhat
surprising at ﬁrst glance, the responsivity of the photodetector
increases inversely proportional with the channel length of the
Ge SBFET from R=6 mA W−1 to R=13.7 A W−1 when the
photoactive Ge channel length scales down from L=9 μm to
L=200 nm. In other words reducing the effective detector
area by a factor of 45 results in an almost 240-fold enhancement of responsivity. Remarkably, this reinforcement is especially evident for ultra-scaled detectors with extremely short
channel length even below the wavelength of λ = 532 nm,
which is very promising in terms of the efﬁciency-speed tradeoff. In accordance with other reports [11, 12], this responsivity
enhancement in the M–S–M heterostructure device is attributed
5

Nanotechnology 32 (2021) 505205

Z Song et al

Figure 4. Polarization sensitivity of photodetector with a channel length of 200 nm. (a) Polarization dependent photocurrent mapping at

positive drain bias. The gate voltage Vg and power density are set as 0 V and 30 W cm−2, respectively. (b) A 3D diagram of the polarization
angle-dependent photodetector. ETE and ETM present the direction of the electric ﬁeld for TE and TM incidence, respectively. The inset
shows the orientation of the polarization plane in relation to the Ge segment. (c) Gate dependent TM/TE ratio for an ultra-scaled
(L=200 nm) and rather long device (L=4650 nm) under light irradiance of 60 W cm−2 at an electric ﬁeld intensity of 500 V cm−1. (d) the
corresponding photoconductive gain of the ultra-scaled device (L=200 nm) for TM and TE polarized light irradiance.

that are collected at either terminal before recombination.
Photogating is also active at positive gate voltages, however,
the negatively charged traps here block the electron transport
in the channel. Thus in this regime we measure the intrinsic
TM/TE ratio of the plasmon-assisted Ge SBFET detector. As
expected, for longer devices, with Al contacts widely separated from each and thus not supporting plasmonic resonances, the TM/TE ratio appear to be widely independent
form the gate voltage. For the device with a channel length of
L=4650 nm we determined a TM/TE ratio of about 1 over
the entire accessible gate voltage range (ﬁgure 4(c)).

formed by the Al contacts can only effectively be driven with
the electric ﬁeld polarized normal to the M–S interface (i.e.
TM direction) [42].
The polarization sensitivity appeared to be also critically
dependent on the gate voltage due to the interplay of the
regular photoelectric and photogating effect. Figure 4(c)
shows the TM/TE ratio at a light intensity of 60 W cm−2
where we observe PPC within the whole range of the applied
gate voltages (see ﬁgure S6). For the 200 nm long SBFET
device, at negative gate voltages it shows overall high gain
(ﬁgure 4(d)) with the TM/TE ratio close to one. Regardless of
the polarization direction, the photoinduced hot electrons lead
to a complete ﬁlling of all traps. As shown above these
negatively charged traps acts an effective gate inducing a
photoresponse with the gain of 20 (ﬁgure 4(d)). The TM/TE
ratio increasing steadily with the gate voltage to the maximum
of TM/TE=11 for the highest applicable gate voltage of
50 V. To the best of our knowledge this is the highest TM/TE
ratio reported for Ge based photodetectors so far [43, 44]. For
such high positive gate voltages the photocurrent mainly
originates from regular photoelectric effect with a maximum
gain of one when all photons are transferred to charge carriers

3. Conclusions
In conclusion, we have demonstrated an ultra-scaled plasmonassisted Ge photodetector based on GeOI with monolithic Al
contacts. The well controlled formation of Ge SBFET devices
on a wafer-scale aside of lithographic limitations allows for a
rational design for ultrascaled photodetectors with a high
responsivity. We reﬁned previous models developed for
photogating effects in Ge based detectors enabling to control
6
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initially thought detrimental effects of charge trapping to
enhance responsivity. The monolithic Al electrodes that
support plasmonic resonances in ultra-scaled devices result in
a favourable redistribution in the electric ﬁelds that further
enhances photocurrent, which is very promising in terms of
the efﬁciency-speed trade-off. The polarity and polarization
sensitivity of these three terminal device can be controlled
electrostatically by the gate voltage thus providing more
available states in OEICs to transit or store information. Thus,
this work opens up a promising path of fabricating photodetectors with the capability of enhancing information bandwidth in OEICs.

center by center with the assistance of a CCD camera
(DV401-BV, Andor). The overall laser power was corrected
by a calibrated photodiode before testing. All these measurements were done at room temperature under ambient
conditions and the resulting electrical signals were recorded
by a semiconductor analyzer Keysight B1500A.
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4. Methods
4.1. Device fabrication

The GeOI wafer used for device fabrication comprises a
75 nm thick (100)-oriented Ge device layer atop of a 150 nm
buried SiO2 layer and a 500 μm thick highly p-doped Si
handle wafer. First of all, Ge nanosheets with the size of
10 m m ´ 2 m m were obtained by patterning the GeOI wafer
using photolithography and RIE. Next step is to fabricate Al
pads that overlap the ends of the Ge nanosheets on the SiO2.
These pads were deﬁned again by photolithography followed
by 100 nm Al sputtering and lift-off techniques. Prior to the
Al deposition, a 5 s HI (14%) dip was performed for native
GeOx removal. Rapid thermal annealing at 674 K in forming
gas (10% H2/90% N2) atmosphere was applied to initiate the
Al–Ge exchange forming a monolithic Al–Ge–Al heterostructure. Finally, the back side of the sample was glued to a
copper (Cu) plate by silver (Ag) paste to achieve a reliable
back gate contact.
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