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Abstract. We report a light emitter based on a 4H-SiC lateral Zener diode that is operated under 
reverse bias in the quantum tunneling regime. Wide bandwidth white light emission with a peak 
wavelength of 492 nm corresponding to the transition between the nitrogen donor state and the 
aluminum acceptor state and a full width half maximum breadth of 303 nm at room temperature is 
shown. The peak breadth can be attributed to the relative shift of the acceptor and donor levels in the 
high electric field within the space charge region under reverse bias. At the wavelength of 730 nm, 
which is commonly used for off-resonant excitation of silicon vacancy defects, the emitter achieves 
43.1% of its peak intensity. The emitter shows no blue light peak corresponding to the transition 
between the donor level of nitrogen and the valence band at 391 nm, such as the LED spectrum under 
forward bias of the same diode does. 

Introduction 
Recent advances in color-center technology show promising results towards room-temperature sensor 
applications using the silicon vacancy in 4H-SiC (VSi) [1]. For widespread use of this technology, it 
would be favorable to monolithically integrate all components for initialization and read-out of the 
VSi. 4H-SiC offers the possibility of a complete CMOS process integration [2], as well as the 
integration of wave guides and other optical components for light transmission [3]. This is 
instrumental for the direct optical read-out [4] and the monolithic integration of VSi in a sensor chip. 
Furthermore, for the true monolithic integration of such sensors, an integrated light source is needed 
for the excitation of the VSi, which poses challenges due to the wide and indirect bandgap of 4H-SiC 
[5]. For this purpose, we propose a lateral 4H-SiC tunneling diode as light emitter for VSi excitation, 
which shows white light in Zener breakdown containing the wavelength necessary for off-resonant 
excitation at 730 nm [6, 7], which is fabricated using a subset of a 4H-SiC CMOS process. 

Experimental 
Device Geometry and Fabrication. 
The devices discussed here are lateral 4H-SiC Zener tunneling diodes, which were fabricated using a 
subset of steps of the 2 µm 4H-SiC CMOS process at Fraunhofer IISB described in Fig. 1 [2]. A 
schematic cross-section of the diodes structure is shown in Fig. 1. The diode features n- and p-type 
doped regions, each with a doping concentration of 5∙1019 cm-3 that overlap 2 µm to form the 
tunneling junction, which are implanted into a 1016 cm-3 n-type doped epitaxial 4H-SiC layer. The 
dopant species are aluminum for the p+-region and nitrogen for the n+-region, respectively. 
Passivation of the devices is provided through 400 nm of SiO2 deposited using plasma enhanced 
chemical vapor deposition (PECVD). Contact windows are etched using buffered hydrofluoric acid. 
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The highly doped regions are thereafter contacted with nickel silicide contacts, which are formed by 
nickel aluminum alloy lift-off and subsequent rapid thermal annealing (RTA). Aluminum is sputtered 
and patterned using a dry etching process to contact the device. 

 
Fig. 1. Schematic cross-section of the lateral 4H-SiC Zener diode with overlapping n+ and p+ 

region and the corresponding fabrication process. 

 

 

Fig. 2. Quasi-static current-voltage char-
acteristic of the 4H-SiC Zener diode with the 
tunneling model by Kane [8] for reference in red 
under reverse bias. Additionally, the operation 
points of the diode for CW electroluminescence 
are shown for the LED operation in blue and in 
the tunnel emission regime in green. 

Fig. 3. Micrograph of the 4H-SiC Zener diode 
in operation under forward bias a) and under 
reverse bias b). The images were taken under 
the same ambient lighting conditions. 

Optical and Electrical Characteristics. 
The quasistatic electrical characteristic of the Zener diode is given in Fig 2. Under reverse bias a 
Zener tunneling current is observed, which can be approximated by the theory of tunneling by Kane 
[8] shown in red in Fig. 2. For the electroluminescent characterization, the diodes were operated at 
different positive and negative constant current biases in continuous wave (CW) operation. Under 
forward bias, at injection currents between 1 mA and 85 mA, marked in blue in Fig. 2, the diode emits 
a spectrum with two distinct peaks. Fig. 3 a) shows a micrograph of the emission under forward bias. 
The peak at 391 nm is attributed to the transition between the nitrogen donor state and the valence 
band, since the diode is in strong injection in this operation point and therefore free holes are available 
in the valence band for recombination. A second peak at 470 nm is visible, which is attributed to the 
transition between the nitrogen donor level and deeper defect levels in the bandgap as shown in Fig. 
3 a) and in Fig. 4. This emission is known from literature [9, 10]. It is observed that the peak attributed 
to the donor-valence band transition grows faster with larger injection current than the peak of the 
donor-deep-level transition, which is shown in the inset of Fig. 4. Under reverse bias, light emission 
is observed at voltages beyond -27.4 V. Those operation points are marked in green in Fig. 2. It is 
visible that the quasistatic characteristic (shown in black) deviates from the operation points, in which 

28 SiC Devices for Quantum Applications and Harsh Radiation Environments



the diode was operated to acquire the CW spectra. This is due to self-heating of the device. At current 
biases above 4 mA the voltage drop across the device is constant for each injection current due to 
excessive self-heating of the device. Under the reverse current biases, the diode emits white light as 
shown in Fig 3 b) and Fig 5. The spectrum in Fig. 5 shows only one peak at 492 nm with a full width 
half maximum (FWHM) breadth of 303 nm. At 730 nm, which is commonly used as off-resonant 
excitation of VSi, 43.1% intensity relative to the peak value remains, which makes this mode of 
emission viable for off-resonant excitation of VSi. To avoid two color processes [11], or resonant 
excitation from the longer wavelength tail, passive optical band-pass filters, such as Bragg gratings 
[12] or plasmonic filters [13] must be co-integrated in future work for use in off-resonant excitation 
of VSi. In the same way, the shorter wavelength peak must be suppressed to avoid excitation into the 
conduction band. 
At low injection currents, the peak intensity of the tunnel emission scales linearly with the injected 
current up to 4 mA, where self-heating of the device results in constant bias across the junction at any 
applied current. This is shown in Fig. 6. With no further voltage drop across the junction, the peak 
intensity saturates. Furthermore, the linear relationship between the peak intensity and injection 
current in the current limited regime passes through the origin. Therefore, there is no threshold current 
density for tunneling enhanced light emission. 

  

Fig. 4. Electroluminescence of the 4H-SiC 
Zener diode under forward current biases from 
1 mA to 10 mA in 1 mA steps and from 10 mA 
to 85 mA in 5 mA steps. The inset shows the 
peak intensities of the two observed peaks with 
respect to the injection current. 

Fig. 5. Electroluminescence of the 4H-SiC 
Zener diode under reverse current biases from 
100 µA to 50 mA. Above 4 mA of injection 
current the spectrum saturates, since the voltage 
drop across the diode stays the same due to self-
heating. 

 
Fig. 6. Maximum intensity of the tunneling emission peak from Fig. 5 with respect to the injected 

current. Up to the point, where self-heating makes the voltage constant, the peak intensity is 
linear with respect to the injection current. Without change in voltage the spectrum saturates. 
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Discussion 
The tunneling enhanced light emission is localized to the region exactly at the tunneling junction, 
which is shown in Fig 3 b). Therefore, it is assumed that the emission is localized to the high electric 
field region within the p-n junction. Consequently, a negligible amount of free charge carriers must 
be in the valence or the conduction band within the region of high electric field. This assumption is 
confirmed by the absence of a peak at 391 nm corresponding to a donor valence band transition. Free 
carriers that are generated through tunneling processes are quickly expelled from the space charge 
region. Within the region of high electric field, tunneling can happen from the valence band into any 
unoccupied defect within the bandgap, such as the nitrogen donor state. Since there are no holes 
available for optical transitions into the valence band, the only possible optical transitions are the ones 
between the nitrogen level and other trap states. At the p-n-junction, the p- and n-regions overlap, 
which makes the aluminum acceptor state the most available state that supports optical transition. The 
transition happens only when the acceptor state is unoccupied. This cascade of transitions is illustrated 
in Fig. 7 b). Since the acceptor state close to the valence band edge cannot be at the same position as 
the nitrogen donor, from which the electron recombines, an additional tunneling process during 
recombination is necessary. If the position of the acceptor state close to the valence band edge is 
shifted along the direction of the electric field, it also has a different energy level with respect to the 
donor state. Therefore, the energy of the emitted photon depends heavily on the distance r between 
the acceptor state and the donor state, the density of the acceptor states, the electric field strength, and 
the direction in which the defect is located. 
The resulting spectrum from such a transition can be modeled by calculating the sum over all 
probabilities of tunneling from the donor state into an unoccupied acceptor state at a certain distance 
r with the photon energy Eph. There are two probability components to this problem: First, the 
probability pa of finding at least one acceptor state at distance r in the vicinity of the donor state. This 
expression is a function of the acceptor doping density NA and formulated as the inverse problem of 
finding no acceptor state at distance r. 

𝑝𝑝𝑎𝑎 = 1 − exp �−𝑁𝑁𝐴𝐴
4
3
𝜋𝜋𝑟𝑟3� (1) 

Second, the tunneling probability pt between the donor and the acceptor is necessary for the 
calculation. It is a function of the effective tunneling mass m* and the tunneling barrier height Eb. The 
tunneling probability pt can be given as: 

𝑝𝑝𝑡𝑡 = exp�−2
�2𝑚𝑚∗𝐸𝐸𝑏𝑏

ℏ
𝑟𝑟� (2) 

To model the spectrum with respect to the photon energy Eph, the probabilities of an electron 
recombining and tunneling from the donor into an acceptor state must be integrated over all radii r. 
The integration is possible since for each fixed distance r0 around the donor, the energy of the acceptor 
states at that distance are uniformly distributed on the spherical shell with distance r0 around the donor 
state. To arrive at an expression that is proportional to the intensity I0 with respect to the photon 
energy Eph, a relation between r0 and Eph is necessary. It is given by (3) and depends on the electric 
field ℇ: 

𝑟𝑟0 =
𝐸𝐸𝑝𝑝ℎ − 𝐸𝐸𝑏𝑏

𝑞𝑞ℇ
 (3) 

Since the dependence of the intensity I0 on the photon energy Eph is of interest and each photon energy 
is correlated to a value of r0, from which on it is part of the spherical shell, the integration must have 
a lower boundary of r0 (correlated to Eph in (3)) and a upper boundary of infinity. The expression can 
be written as follows: 
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The integral is not analytically solvable and is therefore numerically evaluated. For the numeric 
evaluation a fixed upper boundary of 50 nm is chosen, since the tunneling probability for this distance 
is negligible. Unknown parameters, such as the electric field inside the p-n junction and the effective 
tunneling mass between the states are used as fit parameters to approximate the spectrum from Fig. 
5. Known parameters, such as the acceptor concentration NA are fixed at the known value. In Fig. 8, 
the modeled spectrum is shown in red and the measured spectrum is shown in black. The parameters 
for the shown spectrum are a constant electric field of 5∙106 V/cm, an effective tunneling mass of 
0.018∙m0, with m0 being the electron mass in vacuum, the fixed acceptor density of 5∙1019 cm-3, and 
a tunneling barrier height of 2.45 eV between the nitrogen donor and the aluminum acceptor. The 
model does correspond well to the measurement shown in Fig. 8 with respect to the breadth of the 
peak, its general shaping, and in terms of skew. The model still lacks the consideration of absorption 
around the bandgap energy of 4H-SiC, which explains the minimally steeper fall-off of the measured 
curve at the wavelength corresponding to the bandgap energy of 4H-SiC, as well as the consideration 
of band bending and inhomogeneous electric field at the recombination site, which explains the lower 
intensity of the measurement at large wavelengths. The deviation between 500 nm and 700 nm is 
attributed to reflections at the passivation oxide. The good accordance of the model and the 
measurement indicates that the proposed mechanism for the luminescence under strong reverse bias 
directly at the p-n junction is most likely a donor to acceptor transition, which is broadened by the 
variance of energy due to the relative position of donor and acceptor along the electric field. 

 
 

Fig. 7. Band diagram of the transitions observed 
under a) forward bias or b) the proposed mechanism 
for tunneling enhanced emission under reverse bias. 

Fig. 8. Comparison between the measured 
spectrum of the tunneling light emitter and 
the proposed model with the empirically 
determined parameters for the effctive 
tunneling mass and the electric field.  

Conclusion 
In the tunneling enhanced light emission regime, optical transitions in 4H-SiC Zener diodes happen 
between states within the bandgap. Here, we dominantly observe the transition between the nitrogen 
donor state and the aluminum acceptor state. Due to the strong band bending, the states available for 
recombination have an energy distribution along the electric field, which leads to a broad spectrum 
below the bandgap energy of 4H-SiC. In this spectrum, the spectral component for the excitation of 
VSi at 730 nm is contained with a relative intensity of 43.1% of the peak intensity. Further filtering 
of the spectrum for such excitation using passive optical filters is necessary and subject of future 
work. 
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