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Abstract: In this work, the optical response of a high—performance 4H—-SiC—based p—i—n ultravio-
let (UV) photodiode was studied by means of an ad hoc numerical model. The spectral responsivity
and the corresponding external photodiode quantum efficiency were calculated under different
reverse biases, up to 60 V, and in the wavelength range from A = 190 to 400 nm. The responsivity peak
isR=0.168 A/W at A = 292 nm at 0 V and improves as bias increases, reaching R = 0.212 A/W at
60 Vand A = 298 nm. The external quantum efficiency is about 71% and 88%. The good quality of the
simulation setup was confirmed by comparison with experimental measurements performed on a
p—i—n device fabricated starting from a commercial 4H—SiC wafer. The developed numerical model,
together with the material electrical and optical parameters used in our simulations, can be therefore
explored for the design of more complex 4H—-SiC—based solid —state electronic and optoelectronic
devices.
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1. Introduction

Silicon Carbide (SiC), due to its excellent physical and electrical properties, has become
a good candidate for high—power, high—temperature, and high—frequency applications [1].
More in general, its use is constantly growing in many electronic systems, above all when
the external operating conditions become critical.

Light detection, in particular in the ultraviolet (UV) spectral range, has recently drawn
attention in several application fields, from chemical and biological analysis, flame de-
tection, to optical communications and astronomical studies [2]. Wide—bandgap semi-
conductors, in fact, thanks to the low intrinsic carrier concentration, have the advantage
of an extremely low dark current, which can be many orders of magnitude lower than
conventional silicon (5i) —based photodetectors [2].

During the past decade, high—performing 4H—SiC [3] and 6H—SiC [4,5] UV photode-
tectors have been more widely studied. Different structures have been proposed, such as
p—i—n [6,7], Schottky [8], avalanche [9,10], and metal-semiconductor-metal (MSM) UV
photodetectors [11].

Among these structures, p—i—n photodiodes are in principle of particular interest
due to better reliability and stability also in high—thermal stress conditions, whereas
Schottky —type SiC—based photodiodes” performances start to degrade at moderately high
temperatures and become increasingly leaky as temperature increases [12]. Moreover,
p—i—n photodetectors are intrinsically low—noise devices and exploit the expanded deple-
tion region to enhance the collection efficiency and, therefore, the separation mechanism of
the photogenerated carriers [13].

In this work, we present a high—performance 4H—-5iC—based p—i—n UV photodi-
ode. In particular, a numerical model for simulating the electro—optical (EO) outputs,

Electronics 2022, 11, 1839. https:/ /doi.org/10.3390/electronics11121839

https:/ /www.mdpi.com/journal/electronics



Electronics 2022, 11, 1839

20f11

such as the responsivity (R) under different reverse biases and its corresponding external
quantum efficiency (EQE), was developed. The finite —element method for semiconductor
device simulation was particularized with the main EO physical parameters achieved
through experimental studies on the same materials and device [14]. In such a way, the
specific 4H—SiC properties were tuned, leading to a reliable numerical simulator whose
results are in very good agreement with the experimental ones. In this sense, simulations
and physics—based modelling represent critical tools to make sure that newly conceived
technologies stand up to the requirements of the microelectronic industry.

2. Device Structure: The p—i—n Photodiode

The studied and experimentally characterized photodiode (Figure 1) is an integral
part of a microchip processed by the CNR, Institute for Microelectronics and Microsystem
of Bologna (Bologna, Italy) [15].

TiAl (anode contact)

4H-SiC p+ region

tup

Ni (cathode contact)

Figure 1. 4H-SiC p—i—n photodiode schematic cross—section, <x,y> plane. The slightly
doped (n—type) 4H-SiC region is 16.5 pm thick. The simulated device is 1 pm thick along
the orthogonal—to—the—plane z—direction. Figure is not in scale. tep; is 16.5 pm, and ty, is
300 pm thick.

The p—i—n diode was fabricated on an <0001> 8° off—axis 4H—SiC epitaxial wafer, 300 pm
thick [16]. The starting n* planar substrate has a doping concentration of Ny, =5 x 10 em 3,
whereas the slightly doped (n—type) epitaxial layer was 16.5 um thick with a donor doping
of Ngpi =3 X 10" cm 3. The implanted p—type anode region showed an aluminium (Al)
concentration of 7 x 10! em 3 at the surface, with a profile edge located at ~0.2 um and a
tail crossing the constant epilayer doping at ~1.35 um from the anode contact, as measured
by Secondary Ion Mass Spectrometry (SIMS) measurements [17]. The Al—implanted
doping concentration profile is schematically reported in Figure 2.
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Figure 2. Secondary ion mass spectrometry profile of the Al-implanted doping concentration.
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In our simulations, a length of 370 um (x—direction) and a 1 um width (z—direction)
were set up. The anode contact circular area is 175 um?, while the cathode contact area is
370 um?. The main physical parameters for the three doped 4H—SiC regions are summa-
rized in Table 1.

Table 1. 4H-S5iC p—i—n regions’ physical parameters.

4H-SiC pt n- n*
Doping (cm3) 7 x 10! (peak) 3 x 101° 5 x 1019
Thickness (pm) See profile in Figure 2 16.5 300.0
Bandgap energy (eV) 3.26 3.26 3.26
Saturated velocity (cm?/s) 2 x 107 2 x 107 2 x 107
Dielectric constant 9.66 9.66 9.66

This basic structure was simulated to calculate, firstly, the diode electrical charac-
teristics also at different DC—bias conditions. Two— and three—dimensional modelling
and simulation processes allowed obtaining a better understanding of the properties and
physical behaviour of the Device Under Test (DUT). Moreover, the net charge generation
due to incident light power, taking into account the charge transport and generation recom-
bination mechanisms using the standard drift—diffusion transport equations coupled with
Shockley—Read-Hall, Auger, and optical generation—recombination models was simulated.

3. Electro—Optical Numerical Model

The electrical simulations, performed at room temperature (T = 300 K), were based on
the physical models describing mobility and carrier lifetime as a function of both doping
concentration and temperature, apparent bandgap narrowing, incomplete ionization of
dopants, impact ionization, Shockley-Read-Hall, and Auger recombination processes.

In particular, the bandgap narrowing dependence on temperature is defined by using
the following expression:

aT?
B+T

where Eg is the bandgap energy at T = 0 K and a and § are specific material coefficients
equal for 4H—SIC, respectively, to —3.3 x 10-%and 0 eV /K.

Moreover, when impurities are introduced into the semiconductor crystal, due to the
wide bandgap of 4H—SiC, not all the doping atoms can be assumed as fully ionized. This
depends on the impurity energy level and the lattice temperature. Using the Fermi-Dirac
statistics, the ionized acceptor and donor impurity concentration, Ng and NB , can be
calculated with the following expressions [18]:

E¢(T) = Ego — 1)

_ Ny
Ny = Eq—Ey  Ep—Ey 2)
1 +gAC kgT e kgT
Np
Ng = EcLp Ep—EC (©)

1+gD€ kgT e kgT

where N4 and Np are the acceptor and donor impurity concentrations, respectively, ¢4 and
gp the corresponding ground —state degeneracy of the impurity level, equal for 4H—-SiC
toga=4and gp =2, E4 = 200 meV and Ep = 100 meV are the donor and acceptor energy
levels, respectively, Ec and Ey are the bottom of the conduction band and the top of the
valance band, respectively, Er is the Fermi level, kg is the Boltzmann constant, and finally,
T is the temperature in Kelvin.
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The 4H—SiC carrier mobility was modelled using the Caughey-Thomas analytic
model. It specifies a low —field mobility, which in turn depends on the doping concentration
and temperature. This correlation is defined by the following expression [19]:

B, : Xy
max [ _TL P min Ty P
min I fnp IHUH,P (300K) ‘MDH.P (3DOK)
Hn,p = Hon,p 300K » (4)
Tn,p P
1+ (—TL ) N
300K N}g:’g
where N is the local (total) concentration of the ionized impurities, ;tgln",”p and ygif; are

two reference parameters for the maximum and minimum mobility, Nflf;f is the doping
concentration at which the mobility is midway between the maximum and minimum
values, and the terms a;p, By, Yup, and 6, are fitting coefficients depending on the

particular material considered. Table 2 summarizes the values adopted in our simulations.

Table 2. Carrier mobility parameters used for the Caughey-Thomas model.

Parameters Electron Hole
um (em?/Vs) 950 125
#(r]nin (cm?/Vs) 40 15.9

Nerit (em—3) 2 % 107 1.76 x 107

it —0.5 —0.5
B —2.15 —2.15
§=—7 0.76 0.76

The recombination model in 4H—SiC holds the deep levels in the bandgap by the
Shockley—-Read-Hall (SRH) model, physically implemented by the expression [20]:

_ 2
pn —n;

Rsrm = ET—E; ET—E;
2, kgT 2, kgT
Tp n+nie -+ Tn P+Hi€

where #; is the effective intrinsic carrier concentration, Et is the energy level of the trap,
E; is the intrinsic Fermi level, and 7, and 7, are electron and hole lifetimes, respectively,
calculated from (6):

)

TWn,p

Tap = —F (6)
14 (NL)

p

where Ty, p are process—dependent parameters, NE’I;H is a reference constant, and N is the
total impurities” concentration of a device region.

Moreover, the SRH recombination is coupled with the band—to—band Auger recom-
bination, according to the expressions:

Rpuger = (Cun + Cpp) (np — n,z) (7)
where C,, and C, are the temperature—dependent Auger coefficients.
Table 3 summarizes all of the parameters used in our numerical simulator to model

the Shockley—Read-Hall and Auger recombination phenomena.

Table 3. Parameters for the Shockley-Read-Hall and Auger recombination models.

Parameters Electron Hole

To (ns) 15 15
Nsgp (cm™2) 7 % 1016 7 x 1016
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The impact ionization model used is that proposed by Selberherr. It is based on the

following expression:
Bn,p

Xy,p = An,pe_(%ﬂ) (8)
where E is the electric field in the local current flow direction and A, By p. and By, are
material —dependent physical parameters.

As done for the electrical side, also the optical properties of 4H—SiC were defined both
theoretically and experimentally. The complex refractive index, n + ik, is responsible for
the photodiode spectral response; however, its value is not constant with wavelengths, and
therefore, an ellipsometric analysis was performed in samples of 4H—5iC with a doping
concentration similar to our quasi—intrinsic (i) p—i—n epilayer. The experimental plot,
the wavelength—dependent real part of the refractive index (n), shown in Figure 3, was
imported into our numerical model for wavelengths up to A = 410 nm.
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Figure 3. 4H—SiC real refractive index vs. wavelength measured through ellipsometry.

On the other hand, the imaginary part of the refractive index (k) is responsible for
the light absorption in a medium. In order to determine its values for 4H—SiC at the
wavelengths of our interest, we exploited a model based on experimental data of the
dielectric function [21] available for a wide range of wavelengths. The extracted plot is
reported in Figure 4 together with the imaginary refractive index suggested by Sridhara [22],
for comparison. A good agreement between the two data sets is evident.
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Figure 4. 4H—SiC imaginary refractive index (k) vs. wavelength.
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4. Simulations and Experimental Results

Simulation results were compared to the photo—response characteristics of the experi-
mental 4H—SiC UV p—i—n photodiode, characterized by the same geometrical dimensions
and layer doping. All of the 4H—SiC physical parameters reported in the previous ta-
bles, and used in our developed numerical model, were tuned by comparison with these
experimental results.

In our setup, UV radiation generated by a remotely controlled monochromator was
used to illuminate the devices under test during the measurement of the |-V characteristics
at different wavelengths in the range between A = 190 nm and 400 nm, in steps of 5 nm. More
details about the experimental results, up to 30 V DC in reverse bias applied between top
(anode) and bottom (cathode) p—i—n diode contacts, and the used electro—optical setup,
are reported in [3]; a schematic picture is however shown in Figure 5 together with the
fabricated microchip, containing several photodiodes, bonded on a custom Printed Circuit
Board (PCB), which allows a stable connection between devices and the measurement
instrumentations.

GPIB bus

UV Monochromator

I 3
Wire bonding

Y I TiAl (anode contact)

4H-SiC(p)

GPIB bus top=16 pam

t55=300 ytm

l \ i Agilent
“ 4155c

4

' 3
\ 4

Figure 5. Schematic experimental setup and fabricated microchip bonded on a custom PCB for a
stable remotely controlled measurement.

In [3], we demonstrated that at the wavelength of A = 285 nm, the photo—response
peakis R = 0.204 A/W at —30V, to our knowledge the best value if compared to those
found in the literature, including Schottky photodiodes, p—i—n, and more sophisticated
bipolar devices. Moreover, the calculated External Quantum Efficiency (EQE), defined as
the photodiode’s capability to convert an optical flux into an electrical energy, is 72.7%, the
maximum value ever reported for UV photodiodes with no bias applied.

Here, we extend the previous experimental results [3] up to 60 V, in reverse bias,
and the corresponding spectral responsivities of the 4H—SiC p—i—n photodiode, for both
experiments and simulations, are compared to each other, from 0 V to 60 V in steps of 10V,
at the same wavelengths of interest.

As shown in Figure 6, the responsivity peak increases with the applied voltage. More-
over, the responsivity increases significantly up to 20 V, while this improvement becomes
slower at biases beyond 30 V.



Electronics 2022, 11, 1839

7 of 11

0.22

0.20
0.18 -
0.16 -
0.14 4
0.12-
0.10
0.08 1

Responsivity (A/W)

0.06
0.04 4
0.02 4
0.00

—
180 200 220 240

S == |
260 280 300
Wavelength

P
320 3

(nm)

40

e
360 3

T B T

80 400

Figure 6. 4H—-S5iC UV p—i—n photodiode simulated spectral responsivities under different reverse
biases, from 0 V to 60 V. A red—shift of about 6 nm of the responsivity peak wavelength is evident.

From Table 4, the responsivity peak increases from R = 0.168 A/Wat0VtoR = 0.212 A/W
at 60 V. This last value corresponds to an EQE = 87.9%.

Table 4. Responsivities and external quantum efficiencies for different bias conditions for both
experimental and simulation results.

Reverse Bias

Responsivity (R) Peak (A/W)

External Quantum Efficiency (EQE)

(%) at Responsivity Peak

Experiments Simulations Experiments Simulations
ov 0.168 0.168 72.7 70.8
10V 0.187 0.186 81.1 78.5
20V 0.198 0.195 85.6 81.7
30V 0.204 0.201 88.3 83.9
40V 0.205 0.205 89.0 85.1
50V 0.209 0.209 90.6 86.7
60V 0.212 0.212 91.8 87.9

It is worth noting that, as bias increases, due to the consequent increase of the depletion
region, the responsivity peak slightly shifts towards longer wavelengths (red —shift) [23],
clearly visible also in Figure 6. A similar behaviour was observed experimentally. Moreover,
it is evident that the responsivity curves show a widening on the right side. This is due to
the longer penetration depth of photons as the wavelengths increase [5]. The responsivity
sharp fall at short wavelengths is due, instead, to the smaller penetration depth of photons,
which limit photogeneration within a small part of the front p—region.

Figures 7 and 8 show the electron concentration profiles along the vertical p—i—n
UV photodiode structure for different reverse biases under illumination at the wavelength
peaks and the corresponding widening of the depletion region as a function of the applied

voltage.
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Figure 7. Electron concentration profile along the vertical <y> direction of the p—i—n photodiode at
the responsivity peak wavelength from 0 V up to 60 V, in steps of 20 V.
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Figure 8. Simulated depletion region width under an optical beam at the responsivity peak wave-
length as a function of the applied voltage.

In the same Table 4, the simulated results are reported, showing the good agreement
in terms of R and EQE, a proof of our numerical model accuracy and reliability.

In Figure 9, a comparison between the simulated 4H—-S5iC UV p—i—n photodiode
responsivities, at 0 V, 20 V, 40 V, and 60 V, and the corresponding experimental results,
are shown.
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Figure 9. Comparison between the simulated 4H—SiC p—i—n UV photodiode responsivity and the
experimental result at 0 V, 20 V, 40 V, and 60 V.

The spectral responsivity of the 4H—SiC p—i—n photodiode decreases gradually from
R=0.168 A/W at A =292 nm to about R = 3 mA/W at A = 380 nm, at 0 V applied, whereas,
at V = 60V, the maximum of the responsivity increases by about 27% (R = 0.212 A/W) at a
corresponding wavelength of A = 298 nm. On the other hand, as the wavelength decreases,
the responsivity, and hence the quantum efficiency, decreases, although the absorption
coefficient of the 4H—S5iC is higher at shorter wavelengths (Figure 4). This depends on the
photon penetration length, which, in this wavelength range, becomes comparable with the
dead zone due to the surface recombination [24,25].

5. Conclusions

The optical response of a high—performance 4H—SiC—based UV p—i—n photodiode
was analysed by means of a numerical simulation model. The simulations were performed
under different UV illuminations in a wavelength range from A = 190 nm to 400 nm when a
reverse bias, up to 60 V, was applied to the device.

The 4H-SiC photodiode exhibited a high value of responsivity, in particular at the
wavelength of A =292 nm, R =0.168 A/W, at 0 V. By increasing the reverse bias, the respon-
sivity peak reaches the maximum value ever reported in the literature of R =0.212 A/W,
at 60 V. The corresponding quantum efficiency is about EQE = 71% and EQE = 88%,
respectively.

The developed numerical model, used to compare the experiments, provided electro—
optical results matching very well both theoretical and experimental data, validating
therefore the goodness of our simulations.
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Such a semiconductor device simulator may help the research community to under-
stand and depict the physical processes in a 4H—S5iC—based device and to make reliable
predictions of the next—generation device behaviour. Simulations with properly selected
calibrated parameters are, in fact, very useful for predictive parametric analysis of novel
and more complex device structures.
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