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The temperature-dependent electroluminescent properties of Ge-Diodes, especially the Ge-Zener-Emitter, with
tunnel transitions are investigated. The direct band-gap behavior of Germanium below a temperature of 140 K is
demonstrated, facilitated by Zener tunneling. Pulsed excitation of the Ge-Zener-Emitter results in an optical
output power density of 6 pW, which is sufficient to excite quantum dots for single-photon emission. The peak
energy of 0.86 eV suits the non-resonant excitation of InGaAs quantum dots at cryogenic temperatures. This

paper presents a potential optical pump source for a quantum photonic integrated circuit.

1. Introduction

The need for a stable platform to build functional prototypes for
testing the performance and feasibility of quantum sensors, quantum
computers, and other quantum applications is rising exponentially. One
possibility for such a system is the material Si. This platform has been
highly investigated for many years and is well-known in the industry for
integrated circuits. The Si system also provides the opportunity to build
photonic integrated circuits (PIC), and this technology has made sig-
nificant progress in the last few years [1-3]. The properties of light can
be harnessed for quantum applications, and this knowledge can be in-
tegrated with PICs, single-photon sources, and single-photon detectors.
Such an integrated system creates the opportunity to build a quantum
photonic integrated circuit (QPIC) [4]. As single-photon sources on a
QPIC operate in a cryogenic environment, the integrated optical sources
also have to function at such temperatures [5]. Due to the low temper-
ature and thus a lack of phonons, the indirect band-gap materials, Si and
Ge, lose their light emission efficiency. To achieve direct band-gap
behavior and to prevent this efficiency loss, the following two ap-
proaches can be used in combination with Ge. In the first approach, the
energy difference between the direct (I-Valley) and indirect (L-Valley)
conduction band (CB) is lowered until the direct CB is below the indirect
CB, resulting in a direct band-gap material. This can be achieved either
by introducing tensile strain in combination with high n-type doping [6,
7] or by using the alloy semiconductor GeSn [8,9]. The second approach
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is to inject electrons into the direct CB. This can be done by band-to-band
tunneling (BTBT) from the valence band (VB) into the direct CB [10].
This second method will be described and investigated in this paper.

2. Materials and methods

The investigated devices are grown on p~ Si (100) substrates with a
6-inch molecular beam epitaxy system. To grow relaxed Ge on Si with a
low threading dislocation density, the first 100 nm of Ge are grown as
virtual substrate. This virtual substrate is annealed at a high tempera-
ture, as described in Ref. [11]. The other active layers are grown after
cooling down to growth temperature, as described in Table 1. To keep
the doping transition of the PN tunnel junction as sharp as possible, the
temperature during the fabrication process is kept below 250 °C.
Structuring of the mesa, the oxide windows, and the metallization is
initiated by contact lithography using the i-line of an Hg-vapor lamp.
The structure of the mesa and metallization is done via inductively
coupled plasma reactive ion-etching with HBr as the process gas. As
passivation, a SiOy layer is deposited via plasma-enhanced chemical
vapor deposition. The oxide windows are opened with a reactive ion
etching process using CHFj3 as the process gas, followed by a buffered HF
etch. For the metallization, sputtered Al is used. The device geometry is
illustrated in Fig. 1(a). The width w and the length L used in this paper
arew = 1.6 pm and L = 560 pm.

To enable the possibility of picking up the optical signal from the
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fabricated devices without destroying the optical active interface, the
samples undergo a specialized dicing process. During this process, the
samples are sawed from the back side, leaving a protective depth of 100
pm. Subsequently, the samples are cleaved with tweezers. An illustration
of such a cleaved device can be seen in Fig. 1. The scanning electron
microscope (SEM) photo of sample 1, Fig. 1 (b), shows a clean break
through the mesa structure. In Fig. 1 (c), the full device structure is
shown. At the bottom of Fig. 1(c), the rough interface due to the
described dicing process can be observed.

The electroluminescent (EL) signal of the devices is picked up with a
multimode fiber, FT300EMT from Thorlabs, and coupled to another
multimode bundle, P100-2-VIS-NIR from Ocean Optics, which is con-
nected to the spectrometer, NIRquest-512-2.5 from Ocean Optics. For
the electrical continuous wave (CW) excitation, the source measurement
unit, 2601A from Keithley, is used. For the pulsed electrical excitation, a
pulse generator, PLCS-21 from PicoLAS, in combination with a laser
driver, LDP-V 03-100 V4.0 from PicoLAS, is employed. For the
temperature-dependent EL measurements, a closed-loop helium cryostat
system is employed. The cooling system contains a coldhead, Coolpower
12/45 from Leybold, and a compressor, Coolpak 4000 from Leybold. An
illustration of the complete measurement setup is provided in Fig. 2.

To calibrate the system and the optical measurement, a calibrated
tungsten halogen light source, HL-3 plus-Cal-EXT from Ocean Optics, is
employed. The spectrum of the calibration lamp is measured with the
spectrometer, and a transfer function is calculated, assuming that the
measured counts are linearly dependent on the optical intensity of the
measured signal. The transfer function is used to calculate the optical
power density presented in this paper. To estimate the optical power
density for pulsed measurements, the transfer function requires further
modification. With the presented measurement setup and the used
spectrometer, we can only measure the average optical power density.
To measure the optical power density during pulsed operation, we need
to divide the transfer function by the duty cycle D. To reduce noise and
improve the sensitivity of the used spectrometer, the same measurement
was performed multiple times, and the average value was utilized. For
the CW excitation, an average of 2000 measurements is presented, and
for the pulsed excitation, an average of 10 measurements is shown. For
both measurements, the integration time of the spectrometer is set to
100 ms.

The electroluminescence of the devices investigated in this paper is
measured at different operating points for each device. For sample 1, the
operating point of the PN junction is in reverse (Zener) and the PIN
junction is operated with forward bias. The PN junction and the PIN
junction of samples 2 and 3, respectively, are operated with forward
bias. Measuring the PN junction of sample 2 with reverse bias (Zener)
results in no emission due to the absence of holes in this operating
regime.

3. Theory

For indirect semiconductor materials, such as Ge, the emitted optical
intensity decreases as the temperature decreases. Most of the light
emitted by a Ge-light emitting diode (LED) originates from the scattering
of electrons from the indirect CB to the direct CB, as shown in Fig. 3. This

Table 1
Layer stacks grown via molecular beam epitaxy.
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p-Si
p-Ge
n-Ge
i-Ge
Al

Fig. 1. (a) Device geometry illustration after cleaving the devices (b) Tilted
close up SEM photo of the cleaved device (c) Tilted SEM photo of the cleaved
device. For both SEM pictures, an EHT voltage of 10 kV and a tilt of 6.9° is used.

scattering mechanism arises from the interaction of charge carriers with
lattice phonons. Due to the decrease in phonon density at lower tem-
peratures, the optical intensity also decreases [12,13]. To enhance de-
vice performance at low temperatures, an alternative mechanism needs
to be used to inject electrons into the direct CB. One possibility is to use
the direct BTBT from the VB into the direct CB. For a more detailed
description of this effect, see Refs. [14,15]. Particularly high direct BTBT
rates can be achieved in Ge PN tunneling junctions compared to Si PN
junctions because, at room temperature, the energetic difference be-
tween the I'- and the L- CB in Ge is only 0.136 eV [16]. For radiative
recombination, not only electrons in the direct CB are necessary, but also
holes need to be present. This is achieved with a PIN structure, where
holes drift from the p-side through the intrinsic layer towards the n-side,
where the tunnel-injected electrons are in the direct CB. An example of
this process can be seen in Fig. 3. For samples 2 and 3, electrons will drift
from the n-doped region towards the p-doped region, and holes will drift
from the p-doped region towards the n-doped region. For sample 2, due
to the low lifetime of carrier minorities, most electrons and holes will
recombine near the pn interface. For Sample 3, most electrons and holes
will recombine in the intrinsic region.

To use the described device for realizing a QPIC, a closer look at the

Sample 1 (PINP) Sample 2 (PN)

Sample 3 (PIN)

Thickness Material Doping (cm~3) Thickness Material Doping (cm~%) Thickness Material Doping (cm~3)
200 nm p-Si Ny=1e10% 100 nm n-Si Np=1e10% 100 nm n-Si Np=1e10%
50 nm p-Ge Ni=1e10% 100 nm n-Ge Np=1e10% 100 nm n-Ge Np=1e10%
200 nm n-Ge Np=2e10"° 300 nm n-Ge Np=3e10"° 300 nm i-Ge

500 nm i-Ge 400 nm p-Ge Ny=1e10% 100 nm p-Ge Ny=1e10%°
400 nm p-Si Np=1e10% 50 nm p-Si Ny=1e10% 400 nm p-Si Ny=1e10%

Si-Substrate Si-Substrate

Si-Substrate
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Fig. 2. Measurement setup for cryogenic EL measurements under CW and
pulsed excitation.
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Fig. 3. Band diagram of sample 1 at a voltage of V = 2 V. Inset: Simplified band
structure of Ge and scattering of electrons from the indirect CB into the
direct CB.

single-photon sources will be provided. In current research, GaAs and
InGaAs quantum dots (QD) stand among the best single-photon sources
available today [4]. Especially for quantum communication, the telecom
O- (1.3 pm) and C-Band (1.55 pm) are of special interest. With
self-assembled QD on a metamorphic buffer layer, InGaAs QD, emitting
single photons in the Telecom C band can be grown. A further descrip-
tion can be found in Ref. [5]. To optically excite these QD, there are two
typically used excitation schemes: non-resonant excitation and
quasi-resonant or resonant excitation. For non-resonant excitation, an
electron-hole pair is generated in the buffer layer (i.e. GaAs), and this
electron-hole pair diffuses until it gets trapped inside the QD, relaxing to
the lowest energetic state, the s-shell. This excitation scheme is also
called above band-gap excitation because the energy of the optical pump
source needs to be above the energy level of the buffer layer. For
quasi-resonant or resonant excitation, the electron-hole pair is already
created inside the QD, and the excitation energy needs to fit the QD
energy states [17]. The advantage of non-resonant excitation is that
there is no need to separate the emitted light by the pump source and the
single photons emitted by the QD. The disadvantage of non-resonant
excitation is that, due to the relaxation process, uncertainty is
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introduced into the emission process. This can increase the time jitter
and limits the indistinguishability of the single photons. Another
disadvantage of the non-resonant scheme is that electron-hole pairs may
also be generated near the QD, resulting in the possibility of
electron-electron scattering. This introduces a source of decoherence for
subsequently emitted single photons [18]. Despite the disadvantages of
the non-resonant excitation scheme, the flexibility in choosing the op-
tical pump source, which only requires above band-gap excitation, fa-
cilitates simpler integration for a complete QPIC. The non-resonant
excitation scheme can be used as a first demonstrator, and with further
band-gap engineering of the optical pump source, resonant excitation
could also be possible. The hybrid integration of GaAs QD on the Si
platform has already been shown [19]. Also, the fully on-chip integra-
tion of InGaAs QD with a single-photon detector has been demonstrated
[20]. Therefore, while the integration of QD with a single-photon de-
tector has already been shown, the integration of an integrated optical
pump source is still pending.

4. Results and discussion

The electrical characteristics of all three samples are shown in Fig. 4.
Sample 1 exhibits the following characteristic behaviors: At Voltages V
< 0, the sample shows the typical blocking behavior of a PIN diode.
Upon closer examination of the voltages between —0.3 < V. < 0V, a
negative differential resistance (NDR) can be observed, which is strongly
limited due to the blocking PIN diode. This NDR exhibits the typical
nature of a PN tunnel diode in the Esaki regime. For voltages V > 0V, the
typical I(V) characteristic of a Ge PIN diode is evident. Due to the
limiting of the PIN diode in sample 1, Zener tunneling cannot be
observed in the I(V) curves. Sample 2 displays the temperature-
dependent characteristics of a tunneling diode (PN). The NDR is
evident in the Esaki regime (V < 0), and the Zener tunneling can be
observed in the Zener regime (V > 0). Sample 3 shows the typical nature
of a Ge PIN diode with the temperature-dependent blocking character-
istic, attributed to trap states, as described in Ref. [21], and the built-in
voltage in the forward direction, which becomes apparent at lower
temperatures.

The temperature-dependent emission spectra are presented in Fig. 5.
For samples 2 and 3, a decrease in optical power density at lower tem-
peratures can be observed. The optical power density for sample 2 de-
creases at temperatures ranging from 290 K to 140 K. This behavior of
samples 1, 2, and 3 corresponds to the indirect material properties of Ge.
Due to the decrease in phonon density, the scattering of electrons from
the indirect CB into the direct CB decreases, leading to a decrease in
radiative recombination and resulting in a lower optical power density.
For sample 1, at temperatures ranging from 140 K to 15 K, the optical
power density increases. This can be described by two effects: the direct
BTBT and the decrease in scattering from the direct to the indirect CB.
For the direct BTBT, the decrease in phonon density leads to a lower
parasitic indirect BTBT, resulting in a higher direct BTBT [22]. The
injected electrons into the direct CB have to travel through the highly
n-doped region before being able to recombine with the holes, leading to
radiative recombination. During this time, the electrons can scatter from
the direct CB into the indirect CB, leading to a lower electron population
of the I'-Valley in the i-Ge layer. As the phonon density decreases, the
effect of scattering can be reduced, leading to a higher electron popu-
lation of the I'-Valley. Considering the peak position of the spectra to-
wards lower temperatures, a blue shift can be seen. With the peak
position, we estimated the band gap of the material for the different
temperatures, as shown in Fig. 6 [23]. The band-gap shift is in good
agreement with the temperature-dependent energy band gap of Ge [24].

To confirm that the direct behavior is due to the direct BTBT, the
temperature-dependent peak optical power density for all three samples
is shown in Fig. 6. For samples 2 and 3, a decrease in the optical power
density is observed. This confirms that the direct behavior of sample 1 is
the result of the combination of the PN tunnel junction with the PIN
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structure. For comparison, the peak optical power density of Sample 1 is
also added to Fig. 6.

In the CW EL measurements for sample 1, at T = 15 K, Fig. 7, an
increase in the optical power density is observed for low injection
powers. However, for current densities above J > 74 kA em™? a
decrease in optical power density is observed. To comprehend the cause
of the efficiency drop in the presented device, Fig. 8 provides an over-
view of possible carrier paths and recombination processes. Considering

the dependency on temperature and current density. Fig. 8(c) illustrates
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Fig. 7. CW EL measurements of sample 1 at a temperature of 15 K. Inset: Peak
wavelength in dependency of the current density.

the carrier path for radiative recombination, which we aim to maximize
and is largely dependent on the other recombination processes. Fig. 8(d)
shows Shockley-Read-Hall recombination, primarily influenced by
crystal properties rather than current density or temperature. For group
III-IV-LEDs a decrease in efficiency at high injection current densities is
known as efficiency droop. Potential reasons for the efficiency droop
include Joule heating, electron leakage, and Auger recombination [25,
26]. Auger recombination, Fig. 8(e), and the electron leakage, Fig. 8(f),
are highly dependent on current density. Additionally, for our device, it
is crucial to consider that direct and indirect BTBT are not only
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Fig. 8. Possible carrier paths for sample 1 at operating Voltage: (a) Direct and
indirect BTBT (b) scattering from direct CB into indirect CB (c) radiative
recombination (d) Shockley-Read-Hall recombination (e) Auger recombination
(f) electron leakage.

dependent on temperature but also on current density, as shown in Fig. 8
(a) [15,27]. Furthermore, with additional Joule heating, scattering from
the direct CB into the indirect CB increases, as shown in Fig. 8(b).

As an indicator for the temperature of the optically active layer, the
peak wavelength is used. To extract the thermal shift of the devices, the
peak wavelength is plotted over the electrical pump power and linearly
extrapolated to the zero point [28]. Contrary to our measurements, see
Fig. 7, we do not observe this linear relationship. This is because, at low
temperatures, the band gap is not linearly dependent on temperature
[24]. It is important to keep this in mind while considering the peak
wavelength as an indicator for the temperature of the optically active
layer. Therefore, we can only identify if the temperature of the optically
active layer is changing, but not quantify the extent of the change. To
investigate if the efficiency drop is due to the Joule heating, measure-
ments with pulsed current injections are performed, see Fig. 9. By
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pulsed excitation.
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comparing the same current density at different duty cycles, the effect of
the Joule heating can be analyzed. This is because, with lower duty
cycles, the injected electrical energy is lower, resulting in a decrease in
Joule heating. However, the effects due to current density remain con-
stant. For lower duty cycles, a clear blue shift of the peak wavelength is
observed, indicating a lower temperature of the optically active layer.
For different current densities and duty cycles, the optical power density
is primarily influenced by the duty cycle, resulting in a higher optical
power density for lower duty cycles. This indicates that the dominant
effect on efficiency lowering for high-current injections is Joule heating.
This is most likely due to the higher scattering from the direct CB into
the indirect CB, and not due to the still-investigated efficiency droop
observed in group III-IV-LEDs.

The maximum possible emitted power of sample 1, at a temperature
of T=15K, pulsed operation with a duty cycle of D = 0.01, and a current
density of J = 315 kA cm ™2, is calculated to be P = 6 pW. This value is
not limited by the device but rather by the measurement setup and the
laser driver. Compared with the non-resonant and resonant excitation
powers of reported QD operations, a power in the range of nW to pW is
needed [29,30]. With the pulsed operation of our device, we have
clearly shown that the emitted optical power is sufficient to be used as an
integrated optical pump source for cryogenic quantum applications. It is
important to differentiate between pulsed electrical excitation of the
pump source and pulsed excitation of the QD. With an electrical pulse
width of tyse = 100 ns and typical exciton lifetimes in the range of 100
ps to 1 ns, the excitation scheme for the QD needs to be considered as CW
excitation [30,31].

As discussed for the first time, we investigated direct and indirect
behavior in the same device. Due to the direct behavior at low tem-
peratures, our device needs to be compared with direct-material LEDs.
The reason for the efficiency drop of Group III-V-LEDs is still highly
discussed. For our device, we have clearly shown that the efficiency
lowering is mainly due to Joule heating, but further investigation needs
to be performed to determine if this is due to the efficiency droop or due
to the scattering characteristics of our device. The optical power of the
presented device is enough for the excitation of QDs and can be used as
an integrated optical pump source for cryogenic quantum applications.
For the realization of a QPIC the transmission of light from our device to
the QD needs to be further investigated. Also, the spectral width of the
emission line of our device is still quite large. To separate the optical
signal of the pump source and the QD, a smaller spectral width of the
emission line of the pump source needs to be realized. This can be
achieved through the fabrication of distributed Bragg reflectors.

5. Conclusion

We have demonstrated the fabrication and characterization of a Ge-
Zener Emitter that utilizes direct BTBT for light emission. Due to the
momentum conservation of the tunneling effect, electrons can be
injected into the direct CB of Ge. Due to the PIN structure, holes are
drifting towards the injected electrons. This enables radiative recombi-
nation at cryogenic temperatures. At a temperature of 15 K, an estimated
total optical power of 6 pW is achievable with pulsed operation. This
shows that monolithic integration of an optical source, operating at
cryogenic temperatures, is feasible with Ge on a Si chip. It provides the
possibility of an integrated optical pump source for pumping QD and
paves the way for a fully integrated QPIC.
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