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Silicon Carbide Radiation Detector for Harsh
Environments

S. Metzger, H. Henschel, O. Kéhn, and W. Lennartz

Abstract—We used commercial off-the-shelf (COTS) silicon car- 5) monocrystalline to have a good charge-collection effi-
bide (SiC) ultraviolet photodiodes for measuring gamma dose rates ciency [2];

at high temperature. We tested them with Co-60 gamma dose rates . i ; _
between 0.03 mGy(Air)/s and 3 Gy(Air)/s. The diodes show excel- 6) high thermal conductivity to have good cooling proper

lent sensitivity, high signal-to-noise ratio (SNR), and good linearity. ties; . o
They were operated at temperatures up to 200°C with negligible 7) commercial availability.
changes of the dark and the radiation-induced current. Gammair- Several studies on the properties of commercially available

radiation up to a total dose of 1080 EGV(QLF), 32-MeV protonirra-  SiC as a material for radiation detection have been initiated
diations up to a fluence of 8.5x 102 cm—2, and 14-MeV neutron [3], [4]. Its high bandgap energy (3.2 eV) and displacement

irradiations up to 4.1 x 10'? cm—2 demonstrate their radiation
hardness. These results and the ability to measure the proton as threshold energy (21.8 eV) [S] should lead to a detector ca-

well as the neutron dose rate after a calibration with Co-60 gammas Pable of operating at elevated temperatures and in high radiation
show that COTS SiC diodes can be used as radiation detectors in fields.

harsh environments. The purpose of this paper is to demonstrate the possibility to
Index Terms—Commercial off the shelf (COTS), Co-60 gamma Use a commercial silicon carbide (SiC) ultraviolet (UV)-sensi-
dose-rate meter, harsh environment, neutron dose-rate meter, tive photodiode as a radiation detector that can be utilized in
proton dose-rate meter, radiation detector, silicon carbide (SiC) harsh environments, including nuclear reactors. The used SiC
photodiode. diode was proven to be a radiation-hard UV detector [6].

. INTRODUCTION

EMICONDUCTOR radiation detectors offer several im-
Sportant advantages over other types of detectors such ad he devices under test were 6H-SiC photodiodes manufac-
gas-filled counters. The faster charge-collection times of the&#€d by Cree Research Inc. and encapsulated by IFW Jena, Ger-
solid-state detectors provide them with the ability to proce§any: The commercial types are available in different sizes and
higher counting rates. Their compactness allows the measféh different UV blocking filters. We used JEC 1 ISHT with an
ment of intensity variations over small distances. However, t@&tive Size of 1 mrbut without window (hermetically closed)
use of conventional semiconductor detectors, made of gernifyrder to minimize background current from UV light. The

nium (Ge) or silicon (Si), in harsh environments is limited b ark current iS_ on the order O_f_l fA according to the manufac-
radiation damage to these materials and by temperature ¢ er. The devices were specified to work at temperatures up to

straints. There exist different approaches to increase the ra7d?— _ )
ation hardness of solid-state silicon detectors: A Keithley 61_7 electrometer was used to apply a bias voltage
. . . and to read the induced current. The temperature could be con-
1) cooling ordinary silicon detectors;

X N o . .. trolled and measured online. The temperature range was be-
2) lowering the initial bulk resistivity of the silicon (i.e., iN- 4 veen 23 and 20%C. Eor each type of measurement, we tested
creasing the initial as-grown defect concentration) [1]; three diodes ' '
3) using a better suited detector bulk material. Gamma irradiation tests were carried out with our Co-60
Concentrating on the last point, such a better material shogdiation facilities “GAMMAMAT TK 1000” and “GAM-

Il. EXPERIMENTAL SETUP

o]

have the following properties: MAMAT TK 100.” Their maximum activity was 22 TBq

1) alarge bandgap and a high atomic displacement thresh880 Ci) and 520 GBq, respectively. The dose rate could be
energy, which gives improved radiation hardness; changed by changing the distance between the detector and

2) a high electron and hole mobility, which leads to fastource from 2 to 150 cm. Therefore, the achievable dose rates
signal collection; are between a few Gy(Air)/s and a few tens gby(Air)/s.

3) a high resistivity, so that no dopants are needed; They were measured with a calibrated ionization chamber, type

4) a low dielectric constant, which lowers the capacitand€10, manufactured by Wellhtfer Dosimetry. The SiC diodes
and therefore the noise; were also irradiated with 32-MeV protons at the cyclotron

“JULIC” of the Research Centre Jilich [7] and with 14-MeV
(D-T)-fusion neutrons at the SAMES TB 4 neutron generator
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Fig. 1. Dark current-voltage characteristicofaJEClISHTSiCdiodeatroqﬂ;b_ 2. Increase of the gamma-induced current in a SiC UV-sensitive

temperature. photodiode with increasing bias voltage at room temperature. The gamma dose
rate was 30 mGy/s.

neutron flux during the irradiation was monitored with two
calibrated uranium-238 fission chambers, type FC4A, fror

Centronic Inc. 2403
4 & oremch B =i pimacky rivw anis
ll. RESULTS o M
A. The Effects of Bias Voltage - "
o
S

Initial characterization of the SiC diodes was performed be 3
fore radiation testing of the detectors. Fig. 1 shows the darkcug
rent—voltage characteristic. The dark current is only in the rang ¢
of 10-50 fA for bias voltages below 20 V. As a consequence, th 4 *
signal-to-noise ratio (SNR) during irradiation will be high, ever é
with low signal amplitudes. ’

The active layer thickness of a diode is proportional to th: 0
square root of the applied (reverse) bias voltage [8]. As an e
ternal voltage is applied to the diode, the active region grown i L — el
until the maximum active layer thickness is reached. At thi_ Thee (o]
point, th.e diode is said to be fully dgpleted and the appl_led bIES. 3. Response of a SiC diode to six successive gamma irradiations of 15 s
voltage is referred to as the depletion voltage. Further increaggation at room temperature. The dose rate was 30 mGy(Air)/s. The applied
in the applied voltage cannot result in any more growth of thias voltage was 20 V.
active layer thickness.

F'g' 2 shows the effect of the applied (reverse) bias voItage Mhches a stable value. This is partly because it takes about 0.3
the signal current at a gamma dose rate of about 30 mGy(Alr)é

The gamma-induced current increases with increasing reve Lo move the gamma source into or out of the shielding con-
9 9 {3her. It was found that the settling time (time to reach 95% of

b!as Yoltagg. This can be attributed to the widening of tr}ﬁe steady-state value) is less than 4 s. This is suitable for appli-
diode’s active layer because for the same dose rate, MQLE s with slowly changing dose rates

lonization is produced " a_l.blgger V°'“”.‘e' . . Fig. 4 shows a plot of gamma-induced current of a SiC pho-
As an outcome of the initial characterization, the bias voltaquiode versus gamma dose rate. The gamma-induced current
was fixed at 20 V for all further radiation testing because at thi linear in the log-log plot over neérly six orders of magnitude
point, the SNR is nearly optimal. At lower voltages, the SN . . . ’
should be higher because of the smaller dark current, but th grresponding values for proton- (deduced from Fig. 11) and

. X tron-induced current (from Fig. 12) are also plotted in this
\{alues (below 20 fA) are stable only_ after 5-10 min of Settlmﬁ ure to demonstrate that SiC diodes can detect and measure
time after any change of any experimental parameter (VOItag%ferent types of radiation after a calibration at a Co-60 gamma
change, beam on/off, etc.). source.

From these measurements, we could deduce a lower limit of
the detector’s sensitivity (collected charge per absorbed dose),
Fig. 3 shows the gamma-induced current versus time at roevhich was 1.2 nC/Gy(Air) at 3 Gy(Air)/s, whereas the lower

temperature of the SiC diode. The device under test (DUT)limit of the SNR is 25 at 28:Gy(Air)/s. This is shown in Fig. 5,
exposed with a dose rate of 30 mGy(Air)/s for six successivéhere the temporal response of the diode for the above-men-

radiation periods. A short time is required before the curretibned dose rates at room temperature is shown.

G

B. Response to Radiation
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Fig. 4. Gamma-induced current of a SiC photodiode as a function of gamm

dose rate at room temperature, with an applied bias of 20 V. %. 6. Effect of temperature on the dark current of a SiC diode before

irradiation and after a total dose of 20 kGy(Air). The applied bias voltage was

20 V.
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Fig. 5. Temporal response of a SiC diode at two different dose rates, showing
the high SNR. The applied bias voltage was 20 V. Fig. 7. Effect of temperature on the linearity of the detector response after a
total gamma dose of 20 kGy(Air). The applied bias voltage was 20 V.

C. Temperature Effects

Additional experiments were performed to study the detector | '€S€ results demonstrate that the response of a SiC diode
response with changing temperature. First, the change of fRgamma radlathn is nearly unperturbed by temperature in the
dark current with temperature was studied before irradiatiGi'died range. This could be expected due to the wide bandgap
and after a total dose of 20 kGy(Air). Therefore, the diode w&&1€rgy of SiC.
heated to 250C and the dark current was monitored while it
was cooling down to room temperature. This measurement s
made with a bias voltage of 20 V. The result for the temperatureThe radiation hardness of SiC diodes was studied with
range between 30 and 158G is shown in Fig. 6. There is only two types of radiation. The tests were performed at room
a small change for temperatures below 2@) but at higher temperature and with an applied bias voltage of 20 V. At first,
temperatures, the dark current increases exponentially. Sdahiéy were irradiated with Co-60 gammas up to a total dose of
one wants to measure dose rates at temperatures abo%€ 10870 kGy(Air). During that test, the gamma-induced current
the use of this detector is limited to applications where eithenly decreased by 10% and seemed to reach a plateau after a
small temperature variations or high dose rates, ex§.01 total dose of 500 kGy(Air). This is shown in Fig. 8.

Gyl/s, occur. Over the measured temperature range, the darecondly, the gamma-induced increase of leakage current
current rose about 50 fA after a dose of 20 kGy/(Air). was studied. In Fig. 9, two irradiations are shown: one from

Secondly, the linearity of the detector response was measuredo to a total dose of 10 kGy(Air) and one from zero to
before irradiation and after a total dose of 20 kGy(Air). Thes®70 kGy(Air). The dark current increased from 0.013 to 0.2 pA
tests were done at five constant temperatures between 23 dadng the first irradiation and from 0.007 to 1.4 pA during the
200°C. Results are shown in Fig. 7. No significant changes wesecond one. Furthermore, it can be seen that the radiation-in-
observed. duced increase of the leakage current after 10 kGy(Air) rapidly

Radiation Hardness
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Fig. 8. Decrease of the gamma-induced current of a SiC diode during gam@a 10, Linearity of the detector response before and after several total dose
irradiation with an applied bias voltage of 20 V. values. The applied bias was 20 V, and the temperature wa€23
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. . . L Fig. 11. The 32-MeV proton flux and proton-induced current in a SiC diode
Fig. 9. Increase of dark current during two gamma irradiations up to 10 aB8 01 at room temperature
870 kGy(Air), respectively. The applied bias was 20 V. ' P '

(within 2000 s) anneals to preirradiation levels, whereas afféf 'Fhe e_ffect of neutron radiation on _the_radiation sensitivity of
the second (longer) irradiation, no annealing was observed. & SIC diode. The results are shown in Fig. 12 up to a total neu-
In a third step, the total dose effect on the linearity of the d&on fluence of 4.2 102 cm™2. The irradiation was interrupted
tector response was studied. The results are shown in Fig. 10€X8"Y 30 min for 5 min to study the effects of neutrons on the

can be seen, there is no major effect of the total dose on the lg@kage current.
earity of the detector response after 1080 kGy(Air). This could UP to a total neutron fluence of about 2<210'* cm™ (after
be expected after the results from the previous radiation hafd-00 S), the signal amplitude follows the temporal behavior of
ness tests [slight decrease of the signal amplitude (see Figth§ neutron flux identically. After that fluence, the signal began
and slight increase of the leakage current (see Fig. 9)]. to decrease by about 20% until the end of. the |rrad|at|qn, while
In [6], JEC 0.1 SiC diodes (same type but only 0.1 frac- Fhe neutron flux was nearly constant. In Fig. 12, there is no ev-
tive area) were irradiated with 32-MeV protons. This is showj§ence that 14-MeV neutron radiation has an effect on the dark
in Fig. 11. During the time intervals | 1, 2, and 3 (shaded ifuIrent, at I_east up to_atotal fluence of 4110'? cr_n—_2.
Fig. 11), their UV sensitivity was measured in order to test their SO SIC diodes of this type can be used as radiation detectors
radiation hardness as a UV detector used in proton envirdfR t0 @ total gamma dose of 1000 kGy(Air), to a 32-MeV proton
ments. During that irradiation, the proton-induced current wience of nearly 1& cm~2, or to a 14-MeV neutron fluence of
monitored. It nicely follows the proton flux up to a fluence ofiPout 4.1 10 cm~* without major degradation. This could
8.5x 1012 cm~2 (except for the time intervals | 1, 2, and 3wher€ expected because of the high displacement energy in SiC.
the UV light was on). o .
The SiC diodes were also irradiated with 14-MeV neutron§: Radiation Dosimetry
The neutron-induced current in the SiC diode was measured onThe good agreement between particle flux (proton as well as
line. The behavior of its signal amplitude should be an indicatioreutron) and particle-induced current brought up the following
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2) The detector response is linear over five orders of magni-

e

tude of gamma dose rate.

3) No evidence of temperature effects on the performance
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of the SiC detector was found for temperatures below
200°C.

4) The detector performance is nearly unchanged up to a

total gamma dose of 1000 kGy(Air), a 32-MeV proton
fluence of 8.5x 102 cm~2, or a 14-MeV neutron fluence
of 4.1 x 102 cm2.

5) After a calibration with Co-60 gammas, it can be used as

a proton or a neutron radiation dosimeter.

| These results demonstrate the potential of SiC COTS photo-
diodes as radiation (ionizing and particle) detectors for use in
applications where intense radiation fields and high tempera-

tures are eXpeCted.
Fig.12. The 14-MeV neutron flux and neutron-induced current in a SiC diode Last but not least, in [6], it was shown that their initial func-

at room temperature. The applied bias was 20 V.

question: Is it possible to use SiC diodes also as particle radia-
tion dosimeter based on a calibration with Co-60 gammas?

A proton-induced current of 32 nA (ten times the current
from Fig. 11) at a flux of 9x 10° cm~2 s ! is also induced
by a Co-60 gamma dose rate of 25.5 Gy(Air). From these two
values, a proton energy loss in SiC of 17.7 MeV2cgt! can
be derived. This is in good agreement with published data of
15.8 MeV cn¥ g [9].

A neutron-induced current of about 20 pA at 2510°
cm—2 s7! (see Fig. 12) corresponds to a Co-60 gamma dose
rate of about 5 mGy(Air)/s. The division of both values results [4]
in a fluence dose conversion factor of>2 10~'' Gy cn?,
which is in good agreement with a derived kerma factor of 1.881s)
x 107! Gy cn¥ for SiC (published kerma factors are 1.80
107! Gy cn? for Siand 2.46x 10~ Gy cn¥ for C [10]).

This strongly supports the opinion of using SiC diodes as de-[g]
tectors for any kind of radiation. After calibration at a Co-60
gamma source, it is possible to measure the ionizing dose apy,
plied by protons and neutrons.

(1]

(3]

IV. CONCLUSION (8]

The possibility of using a commercial SiC UV photodiode (9]
as a radiation detector has been investigated. We found the fol-
lowing. [10]

1) The small dark current in combination with a large radi-

ation-induced current (sensitivity) gives a high SNR.

tion as a UV detector can also withstand harsh environments.
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