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We investigate the temperature dependence of current-voltage and spectral response characteristics of a 4H-SiC metal-semicon-
ductor-metal (MSM) ultraviolet photodetector in the temperature range from room temperature to 800 K with two-dimensional
(2D) numerical simulator ISE-DESSIS. It is found that the dark current and photocurrent increase with the increasing temperature.
For the range of 500-800 K, the dark current increases by nearly a factor 3.5 every 150 K larger than that of photocurrent, leading
to a negative effect on photodetector current ratio (PDCR). Nevertheless, the PDCR is still greater than 200 even at 800 K, which
exhibits the excellent thermal stability. In addition, the responsivity has an unsymmetrical trend. As temperature rises, it is clear
that a remarkable red-shift of 12 nm occurs and overall responsivity is enhanced for longer wavelength. While the short-wave-
length response remains relatively independent of temperature. The mechanism of indirect and direct band absorption transition is
responsible for temperature-dependent spectrum distribution. These findings provide a significant insight on the design of the
MSM detector operated at elevated temperature.
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In despite of having an indirect bandgap, silicon carbide
(SiC) has emerged as an appropriate material for the fabri-
cation of ultraviolet (UV)/visible optoelectronic devices
over the last few years due to the available substrates [1],
the lower defect density and a more mature process tech-
nology [2]. Typically, 4H-SiC based UV photodetectors
achieve photosensitivity spectrum of 220-380 nm and peak
responsivity at around 290 nm. Photodetectors based on
Schottky contacts have an enhanced sensitivity to shorter
wavelength radiation as well as a reduced response time as
no minority carriers are involved [3]. Especially, the metal-
semiconductor-metal (MSM) photodetectors possess poten-
tial merits of large device bandwidth, small intrinsic capac-
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itance, and sub-nanosecond response time. Whilst the planar
process of MSM detectors may be accomplished with as
little as one photolithography step and allows their mono-
lithic integration with other optical and electronic circuits
[4]. Recent achievements include nano-structured MSM
photodetector with high peak voltage [5], MSM solar-blind
photodetector with fast rise and decay times of 10 ns and
150 ns [6], high responsivity MSM photodetector with
26000 A/W at 8 V bias via a carrier-trapping process [7].
More recently, MSM UV detectors exhibit UV-photo gen-
erated current to dark current ratio up to 1.34x10® with col-
loidal nanoparticles [8], realize a photocurrent gain around
40 at 2 V bias using CaF, as the insulator [9], and achieve a
very low dark current density of 3.84 nA/cm® at 5 V bias
based on sol-gel-derived TiO, films [10]. Most reported
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devices meet the requirement of optical detection in terms
of low dark current, high responsivity and fast response. Up
to now, several groups have reported the temperature de-
pendence for photodetectors, including Ge-on-Si p-i-n de-
tector [11], nonreach-through 4H-SiC separate absorption
avalanche detectors [12], terahertz quantum-well detectors
[13] and Schottky detectors [14]. Lately, the dependence of
dark current and response characteristics for GaN-based
avalanche photodiodes can be found in [15]. However, a
thorough description of temperature dependence of the
dark/illuminated current and spectral response of 4H-SiC
MSM detectors, particularly quantitative modeling analysis,
is still lacking, whereas it can determine the temperature
stability and identify the best operating regions. One of the
considerable puzzles is the deficiency of temperature-
dependent absorption coefficients.

In this work, we use a self-consistent calculation method
to establish a numerical model of a 4H-SiC MSM photode-
tector. With temperature-dependent physical model, an in-
vestigation of dark current variation at elevated temperature
is carried out via a two-dimensional (2D) device simulator
ISE-DESSIS. For the optical features at wide range of tem-
perature, we address an exploratory method to extrapolate
the UV absorption coefficients at different temperatures
with consideration of the effects of variant phonon popula-
tion, bandgap narrowing and direct band transition [16].
Finally, the calculated results are verified with relevant ex-
periment and the electrical and optical characteristics of the
MSM detector above room temperature (RT) are discussed
in detail to evaluate thermal stability for practical applica-
tion.

1 Methodology

1.1 Device structure and characterization

The cross section of a 4H-SiC MSM photodetector is illus-
trated in Figure 1. The layer structure consists, from bottom
to top, of three parts: an ideal 400-um n* 4H-SiC substrate
with doping concentration of 10*° cm™, an n” epilayer with
a thickness of 5 um and a doping level lower than 10'® cm™,
and Au Schottky contacts formed planar interdigital fingers
with a height of 80 nm. The fingers of the contact electrodes
are 3 um wide and 500 pm long with a spacing of 3 um. The
optical sensitive area of the UV photodetector is 200 umx
500 pm.

1.2 Numerical modeling

The analysis of the device behavior at only room tempera-
ture does not give detail information about the nature of
device reliability and their conduction process. Different
from the previous calculation models at room temperature
(RT), we must determine the governing physics for the de-
vice operation at elevated temperature with consideration of
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Figure 1 Schematic cross section of a 4H-SiC MSM UV detector.

the temperature effect on dark/illuminated conduct mecha-
nism. In this study, a series of physical models utilized in
ISE-DESSIS are the Shockley-Read-Hall (SRH) generation/
recombination model including the band-to-band tunneling
and the trap-assisted tunneling items, the thermionic emis-
sion model, the barrier lowering model and the incomplete
ionization model. A more detailed description of the models
can be specified in [17] and similar modeling and simula-
tion methods are presented elsewhere [18]. Here, we elabo-
rate on the appropriate models employed for high tempera-
ture operation in combination with experiments and pub-
lished data. Parts of the model parameters used in our cal-
culation are summarized in Table 1.

(i) Dark current simulating model above RT. An accu-
rate temperature model is indispensable for describing the
device performance at elevated temperatures. Hence, hy-
drodynamic transport model is used to properly model elec-
tron transport, energy relaxation and calculate a spatial
electron and lattice temperatures. Unlike the drift-diffusion
model, a temperature-dependent hydrodynamic Canali
model is selected for the high field saturation of the mobility,

Table 1 Temperature-dependent model parameters used in this study
[12,16,17]

Parameters Unit Value

Lo 1.23

Pesp 0.17

Eq eV 3.359

a eV/IK 3.3x107
p K 0

a cm 1.98x10°-4000x(7-300)
b V/em 9.46x10°
c 1.42

E.so (T-M transition) eV 3.25

6 (I'-M transition) K 638

A (T-M transition) 6.2x10*
E.so (I-L transition) eV 4

6 (I'-L transition) K 3480

Ay (T-L transition) 1.8x10°
E.yo (I-T transition) eV 5

Ay (T-T transition) 3.2x10°
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which can be coupled with thermal differential equations
and boundary conditions:
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where u,, denotes the low field mobility. 3kgT/2 is the
average carrier thermal energy; 3kg7i/2 gives the equilib-
rium thermal energy. .. denotes the energy relaxation time,
Tc is the carrier temperature, and 7y denotes the lattice
temperature. In addition, we model temperature-dependent
band gap [17] as

at’

t+p

where E, is an adjustable parameter, a and f are material
parameters. It is important to utilize an appropriate impact
ionization model since the MSM detectors are operated with
the variation of temperature. The temperature-dependent
impact ionization coefficients for electrons are given by

16
0(( ) )—aexp [ jc ( )
] E . 5

It is reported that the coefficient a in 4H-SiC varies line-
arly with temperature and the exponential term is fairly
constant [19]. Thermal generation-recombination is im-
portant in calculation of electrical characteristics of the
MSM photodetector above RT. It is noted that the dominat-
ing recombination mechanism in 4H-SiC is a non-radiative
capture of carriers by mid-gap defects [20]. We consider the
temperature-dependent carriers life times for electron in the
course of Shockley-Read-Hall (SRH) recombination, which
can be described by [16]

E,(t)=E,,+3E,, -

“)

7,(T /300)”
= %I /300" 6)
I1+N/N
where o = 1.7, o= 5%107" s, and N,;= 6x10%° cm™.
(i) UV absorption coefficient model above RT. In or-

der to determine the optical features of the detector, we
adopt an accurate optical model to compute the net photon
flux of the input UV optical signal via multiple vertical
photon beams illuminating on the surface of the device. The
key input parameters including optical power, wavelength
and incidence window are 2.5x107* W/em?, 2.1x107°-
4x107 cm and 2x107 cm, respectively. The specification of
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the optical generation rate model can be found in our pre-
vious work [21]. To the best of our knowledge, the absorp-
tion coefficient related to temperature is vital for calculating
the characteristics of the photodetector at elevated tempera-
ture and general properties of the carrier recombination and
transport. Unfortunately, the optical absorption coefficient
for 4H-SiC has been mainly studied only at RT. Inspiringly,
Galeckas et al. [22] investigated the temperature depend-
ence of 4H-SiC absorption coefficient at 355 nm. A com-
plete wavelength- and temperature-dependent absorption
coefficient in UV region is still lacking. Due to an indirect-
transition material, for lower absorption coefficients, we
calculate the values as a function of doping, temperature
and incident photon energy with the Matlab package. The
numerical formula is expressed by [23]

hu—EM(N,T)—kH)2 (hu—Eid(N,T)+kn9
hv i hv
1—exp(—@/T) exp(8/T)—1

( )’

aindirecl — “lia

s
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where A, is a fitting coefficient with a unit of cm™, ho is
the incident photon energy, E;,(N,T) is energy spacing from
the valence band to the conduction band, & is the Boltzmann
constant, k6 denotes the momentum conserving phonon
energy. The first term in eq. (7) represents the photon ab-
sorption with phonon emission, and the second term repre-
sents the photon absorption with phonon absorption. For
photon energies higher than band-gap spacing of 4H-SiC,
the direct band transition becomes predominant and the ab-
sorption coefficient is related to the following expression
[24]:

adireal oc [hU - Eid (N’T)]z (8)
The energy spacing E;,(N,T) and E,N,T) are given by [16]
Ei,,,[,(N,T)=E,-[,,d(N)—3-3><104'(T—300), ©)

E,N)=E —34x107° - NV —1.17x10™"" - N>, (10)
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2 Results and discussion
2.1 Verification of numerical model

Due to the lack of relevant experimental results of tempera-
ture-dependent dark current characteristics of 4H-SiC MSM
photodetector, based on the above models, we calculate the
dark current characteristics at 293 K and 321 K of a GaAs
MSM detector, whose structure is extremely similar to the
measured one with the dark current features at different
temperatures reported in [25]. The results are illustrated in
Figure 2. As is shown, the calculated dark current is con-
sistent with the measured data especially when the reverse
voltage is larger than —4 V. To verify the photocurrent
model, the calculated and experimental results with 310 nm
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Figure 2 Comparison of calculated dark current of a GaAs MSM detec-
tor at different temperature with experimental data [25].

UV illumination are plotted in Figure 3 for comparison [26].
It is found that the calculated photocurrent is somewhat
larger than that of measured one with applied bias lower
than 5 V. The discrepancy is probably due to the difference
between the calculated absorption coefficient based on
model and the experimental data. The schematic compari-
son of absorption model calculated result and measured data
is visible in Figure 4, which can account for the phenome-
non. However, the approximate agreement between the
simulated and experimental results of dark current and pho-
tocurrent is achieved, which proves the present numerical
models are reasonable.

2.2 The influences of temperature on dark current and
photocurrent characteristics of the detector

The dark current characteristics are calculated with temper-
ature ranging from 300 to 800 K. In Figure 5, it is clear that
the dark current increases with the bias and temperature. For
a voltage lower than 5 V, the every curve achieves a fast
increase and then tends to saturation with larger bias. For
the variation of temperature, the changes of dark current are

1078 r'"'"‘g'o_o'_o_.&o_—go-_o%m%o_@!)o—o%—oo—?
-9 I/
10 E —0— 310 nm measured UV photocurrent at 7=300 K
—~ —w— 310 nm calculated UV photocurrent at 7=300 K
il
€
g E
310mL
1072 [
10'13 [ 1 " 1 " 1 " 1 " 1 " 1
0 5 10 15 20 25 30
Voltage (V)

Figure 3 Comparison between the calculated photocurrent of the 4H-SiC
MSM detector under 310 nm illumination with experiment [26].
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Figure 4 Schematic comparison between the model calculated 4H-SiC
absorption coefficient and the measured result [27].
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Figure 5 The dark current of 4H-SiC MSM photodetectors versus ap-
plied bias with various temperatures between RT and 800 K.

not unified with slightly different dependencies. Specifical-
ly, the dark current increases by a factor about 1.7 every 50
K with range of 300-500 K. However, a larger factor about
3.5 is achieved when the detector at 500-800 K. The maxi-
mum and minimum dark currents at 800 K and 300 K are
0.646 nA and 2.39 pA. It is clear that the dark current at 800
K is two orders of magnitude higher than that at RT. The
band gap narrowing at high temperature and relevant ther-
mionic emission mechanisms are responsible for the phe-
nomenon.

The temperature-dependent photocurrent properties are
important characteristics for UV photodetector. As is clearly
visible in Figure 6, the variations of photocurrent of MSM
UV detector are calculated with the temperature ranging
from 300 to 800 K under 330 nm UV illumination. A re-
markable increase can be observed at elevated temperatures.
With 30 V applied bias, it is found that the photocurrent are
10.8, 12.3, 13.7, 15.2, 16.6, 17.9 and 19.2 nA when the
temperature increases from 300 to 800 K. In addition, we
can see that the increscent trend of photocurrent is asym-
metry. With the range of 300-450 K, the photocurrent rises
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Figure 6 The calculated photocurrent-voltage curves of 4H-SiC MSM
detector under 330 nm illumination from RT to 800 K.

very fast and their increment is almost equidistant. Above
450 K, it is obvious that the increase rate of photocurrent
slows down. However, the photocurrent at 800 K increases
near twice than that of at RT. As the temperature rises, the
UV absorption coefficient increases as well. On the other
hand, the changes of temperature also have influence on
SRH recombination. For the absorption of longer wave-
length, the former factor is prevailing as compared with the
latter. Therefore, the enhanced absorption effect for the
photodetector indicates that more photo-generated carriers
can be produced and swept rapidly between electrode con-
tacts to form photocurrent.

Moreover, device performance at elevated temperature
can be further estimated by calculation of photodetector
current ratio (PDCR), which is defined as [28]

PDCR =(1,-1,)/1,, (11)

where I, denotes photocurrent and Iy dark current. Figure 7
shows the results of PDCR as a function of temperature.
The photocurrent is obtained under 300 nm illumination and
30 V applied voltage. It can be seen that the PDCR de-
creases with the increase of temperature. The PDCR values
are larger than 8400 at 300 K and above 5300 at 350 K.
Clearly, a steep decrease in PDCR can be observed with
further increase in temperature to 450 K. While the temper-
ature is larger than 500 K, the PDCR values tend to satura-
tion. We can see from the Figure 7 that the values decrease
gradually from 578 to 249 with temperature up to 800 K.
The temperature-dependent current-voltage (I-V) character-
istics of the detector may account for the decay of PDCR. In
contrast to photocurrent, temperature has a relatively direct
impact on dark current and the considerable increment in
dark current at higher temperature is responsible for the
even worse PDCR. However, a comparable value of two
orders of magnitude is achieved even at 800 K, which dis-
tinctly indicates that the 4H-SiC MSM UV detectors have
excellent thermal stability and can be applied under high
temperature and harsh condition.
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Figure 7 PDCR of 4H-SiC MSM detector obtained at various tempera-
tures under a bias of 30 V and 300 nm UV illumination.

2.3 The influences of temperature on spectral response
and quantum efficiency of the detector

Figure 8 shows the responsivity curves of 4H-SiC MSM
UV detector at different temperature under 10 V applied
voltage. At 300 K, it is found that the responsivity rises with
the increasing wavelength. When wavelength is around 290
nm, the responsivity achieves the maximum of 85.2 mA/W.
Then, the spectral response decreases gradually and reaches
the minimum of 0.048 mA/W at 400 nm. The cutoff of short
wavelength (near 240 nm) and long wavelength (near 380
nm) are caused by strong recombination of photon-gener-
ated carriers and the decay of optical absorption, respec-
tively. A point to note is that no abrupt spectrum cutoff can
be observed with the wavelength ranging from 380 to 400
nm. The reason mainly relates to the fact that the 4H-SiC is
an indirect material and does not possess a sharp cutoff edge
near the band edge. As is shown in Figure 8, it is found that
the peak responsivity increases from 85.2 to 120.3 mA/W,
when the temperature increases from 300 to 800 K. A similar
behavior of responsivity versus temperature can be found in
[29]. Also, it is concluded that the spectral response curves

120 PO, —o— T=300 K
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—A— T=400 K
100 —v— T=450 K
3 —o—T=500 K
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200 220 240 260 280 300 320 340 360 380 400
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Figure 8 Spectral response of the 4H-SiC MSM photodetector for tem-
perature ranging from RT to 800 K under a bias of 10 V.
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become more extensive at the elevated temperature but with
discrepant variations. Specifically, a distinct boundary
around 270 nm exhibits a nonuniform tendency. When the
wavelengths are lower than 270 nm, all curves arranges
compactly with the increasing temperature and slight in-
crement of responsivity can be observed, indicating that at
short wavelength the spectral response seems to be inde-
pendent of the temperature. While the wavelength is larger
than 270 nm, the variation of responsivity with elevated
temperature is more remarkable than the former. Not only
does the overall responsivity is enhanced but also the peak
increment of responsivity at 800 K is over 41% as compared
with RT spectral response. The peak responsivities of the
top two curves at 650 K and 800 K are near 299 and 302 nm.
Consequently, it is clear that a visible red-shift about 12 nm
occurs to longer wavelengths as the temperature increases.
The fact that the responsivity shifts to longer wavelength at
higher temperature is ascribed to temperature-dependent
changes of band gap and optical absorption. Due to thermal
expansion, the periodic lattice vibration becomes more vio-
lent, which has a profound impact on band structure. When
the temperature increases, the band gap narrowing effect is
more salient, resulting in the spectrum curves shift towards
longer wavelength. Additionally, the elevated temperature
varies the phonon distribution and increases the phonon flux.
On the other hand, the absorption coefficient is a function of
temperature and photon energy. For the wavelength near the
band gap, the lower photon energy can be represented by
I'-M indirect band transition in 4H-SiC. The higher the
temperature is, the greater absorption will be and, in turn,
enhanced responsivity feature is achieved. However, for the
high photon energies obtained at short wavelength, the di-
rect band transition is predominant. While the temperature
increases, an explosive increment of absorption coefficient
effectively reduces the penetration depth of photon owing to
the fact that the former is reversely proportional to the latter.
Thus, photon-generated carriers cannot form a photocurrent
due to intense recombination occurring at device surface.
Therefore, the high recombination rate offsets the advantage
of higher absorption so that the response curves at low
wavelength region remain independent of temperature. Un-
der a bias of 10 V, the quantum efficiencies versus diverse
temperatures are sketched in Figure 9. It is noted that all
curves, no matter short or long wavelength region, shift
upwards as temperature rises. The peak zones of quantum
efficiency of the curves locate at 280 nm. The maximum
quantum efficiency of 51.82% and the minimum of 36.94%
are obtained with corresponding temperature of 800 K and
RT, respectively. In comparison with the both, we can find
that the peak value of quantum efficiency increases ap-
proximately about 41%, indicating that temperature in-
tensely affects the photoelectric conversion process of the
detector.
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Figure 9 Quantum efficiency of the 4H-SiC MSM detector as a function
of wavelength and temperature at 10 V bias.

3 Conclusions

With consideration of temperature-dependent physical
model, we investigate the temperature dependence of a 4H-
SiC MSM photodetector in terms of dark/illuminated I-V
features and spectral characteristics in the range of 300-800
K by utilizing a 2D device simulator ISE-DESSIS. The cal-
culations are in good agreement with the measured charac-
teristics, thereby, validating the correctness of our numeri-
cal modeling. Up to 30 V bias, a distinct increase of the
dark current and photocurrent can be observed as the tem-
perature rises from RT to 800 K. The impact of temperature
on dark current becomes predominant as compared with the
counterpart, leading to the decrease of PDCR. However, the
PDCR value obtained even at 800 K is still greater than 200,
which reveals the excellent thermal stability of the detector.
Furthermore, it is found that the red shift of responsivity
shifts to longer wavelength. For spectral response and
quantum efficiency, a noticeable increment with elevated
temperature can be found. At 800 K, the maximum respon-
sivity of 120.3 mA/W and peak quantum efficiency of
51.82% can be obtained at 302 and 280 nm, respectively. In
brief, the systematic investigations, providing valuable in-
formation about temperature-dependent properties of the
4H-SiC MSM UV detector, are of paramount essentiality in
the assessment of the device stability and reliability under
harsh and high-temperature UV detection condition.
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