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Abstract: Low doped n-type 4H-SiC epitaxial layers of thickness 50, 150, and 250 µm grown by hot wall 

chemical vapor deposition were used to fabricate Ni/4H-SiC Schottky radiation detectors. The epitaxial 

layers were grown on the (0001) face of highly conductive bulk 4H-SiC substrates 8o offcut towards the �112�0� direction. The 50, 150, and 250 µm thick epilayer detectors, under optimized settings, showed 

energy resolutions of 2.0%, 0.78%, and 0.63%, respectively for 5.48 MeV alpha particles. Deep level 

transient spectroscopy studies showed that the observed variation in the detector resolution is linked to the 

defect parameters in the devices. Least-squares fitting of the bias dependence of the charge collection 

efficiency according to a drift-diffusion model, revealed minority carrier diffusion lengths of 16, 10, and 

9.2 µm, respectively, implying that the detectors are not limited by minority carrier trapping. The detector 

performance was observed to be primarily dependent on the concentration and capture cross-sections of 

the lifetime killing electron traps Z1/2 and EH6/7.   

Keywords: B2. 4H-SiC, A3. Epitaxial layers, B3. Radiation detectors, A1. Charge collection efficiency, 

and A1. Deep level transient spectroscopy (DLTS)  

1. Introduction 

Electronic devices based on group IV compound semiconductor 4H-SiC has been widely used in harsh 

environments with high temperatures or high radiation backgrounds [1-8]. With its wide-bandgap of 3.27 

eV and high thermal conductivity of 4.9 W/cm2, 4H-SiC devices can operate continuously at temperatures 

up 1000 oC [9]. Furthermore, due to the strong triple covalent bonding between the Si and C atoms, 4H-

SiC has high atomic displacement thresholds (19 eV for C and 42 eV for Si) [10] making it radiation 

hard. Additionally, it has excellent charge transport properties such as a high electron saturation drift 

velocity of 2.0 × 107 cm/s and high breakdown electric field of 2.0 MV/cm. Such unique combination of 

physical properties allows applications of 4H-SiC radiation detectors in nuclear waste characterization, 

nuclear core reactor monitoring, space missions, and high energy physics experiments [11-13].  

One of the key limitations of 4H-SiC is the low atomic number of its constituent atoms which make it 

nearly blind to even low energy gamma rays. This can be mitigated by using semi-insulating (SI) bulk 

4H-SiC however, SI bulk 4H-SiC has too many defects for effective charge collection [14-16]. Defects in 

the crystalline structure can capture charge carriers affecting the charge carrier transport properties 

adversely [17-18]. An alternative approach is to fabricate Schottky barrier radiation detectors on high 

quality, low doped (≤ 1014 cm-3) 4H-SiC epitaxial layers with low concentrations of lifetime limiting deep 

levels Z1/2 and EH6/7 [19, 20], basal plane dislocations (BPD), and micropipes (MP). BPDs are defects that 

propagate upward from the substrate to the epilayer and can introduce stacking faults which degrade 

device performance. MPs are a type of screw dislocation originating from the substrate and are thought to 

be the primary source of device failure in SiC devices. BPDs can be eliminated through KOH etching or 

converted into benign threading edge dislocations—a process that is facilitated when the growth is 

slightly off-axis or at higher C/Si ratios [21-24]. Micropipes, on the contrary, are more likely to close at 

lower C/Si ratios preventing them from acting as leakage current pathways [24]. The lifetime limiting 

deep levels appear at lower concentrations at high C/Si ratios and lower temperatures [24, 25]. While the 
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relationship between deep levels and radiation detector performance has been studied in the past [4, 26-

28], there have not been any comparative studies on epilayers of varying thickness up to 250 µm.  

In this article, we report on the characterization of Ni/n-4H-SiC Schottky barrier radiation detectors 

fabricated on hot-wall CVD grown 4H-SiC epitaxial layers of thicknesses 50, 150, and 250 µm. The 

impact of both minority and majority carrier trapping centers on the radiation detection performance are 

investigated from the bias dependence of the radiation response and capacitance-mode deep level 

transient spectroscopy (DLTS).   

2. Experimental Methods 

2.1 Device Fabrication 

 

Figure 1. Cross-sectional schematic of the detectors fabricated using 50, 150, and 250 µm thick 4H-SiC 

epitaxial layers.  

4H-SiC epitaxial layers of thicknesses 50, 150, and 250 µm were grown via hot wall chemical vapor 

deposition (CVD) on the (0001) surface of a low resistivity (0.015-0.028 Ω-cm) 100 mm diameter, 350 

µm thick bulk 4H-SiC substrate offcut by 8o and oriented towards the �112�0� direction. The 100 mm 

diameter parent wafers were diced into 8 × 8 mm2 samples and cleaned for metal contact deposition using 

the Radio Corporation of America (RCA) cleaning method [29]. Metal contacts were deposited by DC 

sputtering nickel onto both the epilayer (Si-face) and bulk (C-face) surfaces of the individual samples 

using a Quorum Q150T sputtering unit. For the radiation detection measurements, the circular top contact 

area (3.9 mm diameter) acts as the detector window. As such, the thickness of the top contact should be as 

thin as possible (~10 nm) showing a rectifying behavior. The bottom contact is ~36 mm2 square shaped 

and relatively thicker (> 100 nm) to ensure the formation of the Ohmic contact. A schematic of the 

detector structure is shown in Fig. 1.   

 

 



2.2 Detector Characterization 

The properties of the junction between the metal and the epitaxial layer and the net donor concentrations 

were determined from the current-voltage (I-V) and capacitance-voltage (C-V) characteristics of the 

detectors. The I-V measurements were recorded using a Keithley 237 source-measure unit with the 

detector mounted on a PCB inside an electromagnetic interference (EMI) shielded electronic box 

connected via a low-noise triaxial cable. C-V measurements were conducted with a 1 MHz capacitance 

meter built-in to a SULA DDS-12 DLTS system. 

Radiation detection properties were evaluated from their response to alpha particles generated from the 

decay of a 0.9 µCi 241Am calibration source. The photoinduced current generated in the detector from the 

alpha particles was fed into and integrated by a CR110 charge sensitive preamplifier producing an output 

signal directly proportional to the charge collected by the detector. The signal was shaped and filtered into 

a semi-gaussian form by an ORTEC 572 shaping amplifier. The amplitude of the shaped gaussian was 

converted into a 13-bit integer value via a Canberra Multiport II multichannel analyzer and recorded into 

a histogram showing how often various pulse heights are collected. This histogram is often referred to as 

the pulse-height spectrum (PHS). The resolution of each detector was expressed as the ratio of the full 

width at half maximum of the dominant alpha peak in the spectrum to its centroid channel number.      

2.3 Defect Characterization 

The electron trap activation energies, cross-sections, and concentrations were determined from 

capacitance mode deep-level transient spectroscopy measurements performed using a SULA DDS-12 

DLTS comprised of a 1 MHz capacitance meter, a pulse generator, a correlator module, and a LabVIEW 

based data acquisition and analysis program. The system allows for up to twelve rate window (∆	) 

settings with the initial time set to ∆	/4.3 msec. The sample was mounted on the sample stage of a Janis 

VPF 800 liquid nitrogen cooled cryostat which was connected to the pulse generator output and 

capacitance meter input of the DLTS system via low noise BNC cables. The temperature of the sample 

stage was controlled automatically by a Lakeshore LS335 temperature controller. 

3. Results/Discussion 

3.1 Electrical Characterization 

As presented in Figs. 2(a) and (b), all the three devices show rectifying characteristics consistent with the 

behavior of Schottky barrier diodes. From the forward bias characteristics, the properties of the junction 

can be evaluated using the thermionic emission model [30, 31] given by, 

� = �∗�� exp �− �Φ��� � �exp � ��
 ��� − 1! "1# 

where �∗ is the Richardson constant of the material (~146 A cm-2 K-2 in 4H-SiC), � is temperature, � is 

the elementary charge of an electron, � is Boltzmann’s constant, Φ� is the effective barrier height of the 

junction,   is the ideality factor, and � is the applied bias. The factor outside the brackets is collectively 

called the reverse saturation current density �% which can be extracted from the y-intercept of the linear fit 

of ln � vs. V plots. The effective barrier height is calculated form the obtained �% value provided the 

Richardson constant for the semiconductor and the device temperature is known. Additionally, the 

ideality factor   can be extracted from the slope of the ln � vs. V plots. Using the above-mentioned 

method, the barrier heights were calculated to be 1.43, 1.55, and 1.46 eV with the diode ideality factors of 

1.30, 1.56, and 1.14 for the detectors fabricated on 50, 150, and 250 µm epilayers, respectively. While 

150 µm had the largest effective barrier height, it also had the largest ideality factor of the three detectors 



indicating significant spatial variation in the Schottky barrier height. In Schottky barrier radiation 

detectors, the top metal contact acts as the window for the incident radiation, and thus larger contact areas 

can improve detection efficiency for a given source-detector gap. The drawback of having larger contact 

area is that it increases the probability of spatial variation in surface barrier and dislocations resulting in 

the increase of ideality factor and form low barrier patches [32, 33]. For all the three devices, the reverse 

bias leakage current showed linearity with the electric field indicating drift-diffusion behavior [31]. For 

the 50 and 150 µm detectors, leakage current remained less than 1 nA/cm-2 up to -100 V [78 kV/cm] 

while the 250 µm detector exhibited reverse current densities less than 2 nA/cm2 up to reverse bias as 

high as -800 V (280 kV/cm). It should be noted that the region of the forward bias characteristics to the 

left of the linear region for the 50 and 150 µm detectors implied the existence of either a shunting 

pathway or low barrier patch which would result in the increased leakage current observed under reverse 

bias for the two detectors compared to the 250 µm detector [5, 34]. 

 

Figure 2. Forward (a) and reverse (b) bias current-voltage characteristics for the detectors fabricated on 

the 50, 150, and 250 µm epitaxial layers. The solid lines in (a) represent the fit to the linear region of the 

forward bias characteristics. 

From the 1/(� vs. � plot (Mott-Schottky) in Fig. 3, the built-in voltage �)* and the effective carrier 

concentration can be determined from the linear fit from the following equation, 

1 (�⁄ = 2
���,-.// 0�)* − �1, "2# 

where , is the dielectric permittivity of the material (8.5 × 10-13 in 4H-SiC) and -.// is the net donor 

concentration. From the fitted model, the net donor concentrations were between 1.6-1.8 × 1014 cm-3 for 

all three detectors. For 50 µm, the built-in voltage was 1.68 V which corresponds to a barrier height of 

1.98 eV after adjusting for the bulk fermi energy. This value is higher than the effective barrier extracted 

from the I-V because the C-V barrier corresponds to the linear average of the barrier height over the entire 

surface area whereas the I-V barrier represents a temperature-dependent effective value resulting from 

current preferring to pass through the low barrier regions. The 150 and 250 µm detectors had built-in 

potentials of 2.60 and 4.56 V, respectively. It’s possible that due to the low thickness of the nickel 

contact, the contact is not rigid enough to accurately measure the built-in voltage. Using the full depletion 

approximation of Poisson’s equation, the bias which will fully deplete the epitaxial layer of each detector 

can be described by 



�34 = �)* − �-.//2, 5.6*� . "3# 

Here, 5.6* is the thickness of the epilayer. Using Eq. 3, it has been calculated that full depletion will be 

achieved at 380 V [150 kV/cm], 3.3 kV [450 kV/cm], and 10 kV [810 kV/cm] for 50, 150, and 250 µm, 

respectively.  

 

Figure 3. Mott-Schottky plot of detectors fabricated on the 50, 150, and 250 µm epitaxial layers. The 

solid lines are the linear fits to Eq. 3.  

3.2 Radiation Detection Measurements 

The best spectrum for each of the three detectors is displayed in Fig. 4 (a)-(c) which had resolutions of 

2.0%, 0.78%, and 0.63% for 50, 150, and 250 µm, respectively for the 5486 keV peak. Only the 250 µm 

detector was able to resolve the 5388 keV and 5443 keV peaks present in the 241Am alpha spectrum. For 

radiation detectors, the most important properties of the epitaxial layer limiting the device performance 

are the electron and hole trapping lifetimes 	7 and 	6 which can be used to describe how quickly 

photoinduced charges are collected vs. how quickly they get trapped and recombine. For electrons and 

holes generated at a point 5*, this can be described by the single point Hecht equation [35] for charge 

collected given below, 

87"5*# ≈ � 	7:%,75; <1 − exp =− 5; − 5*	7:%,7 >? , "4@# 

86"5*# ≈ � A6	6〈C〉
5; <1 − exp =− 5*A6	6〈C〉>? , "4E# 

where :%,7 is the electron saturation drift velocity, 5; is the depletion width, and A6 is the hole mobility. 

Due to the high electron mobility and strong internal field of the depletion region, electron drift velocity is 



assumed to be saturated.  Essentially the higher the trapping lifetimes, the more charge is collected and 

the higher the resolution of the detector.  

 

Figure 4. The pulse height spectra at the bias which offered the best resolution for each of the detectors 

fabricated on 50 (a), 150 (b), and 250 µm (c) 4H-SiC epitaxial layers, and (d) the charge collected as a 

function of reverse bias fitted to the drift-diffusion model for each of the detectors fabricated on 50, 150, 

and 250 µm epitaxial layers. The y-axis is given in channel number to make the three curve more distinct.   

Unfortunately, charged radiation generates a continuum of electron-hole pairs making evaluating the 

trapping lifetimes via Eq. 4 nearly impossible. For holes, an alternative approach would be to evaluate 

each detectors’ minority carrier diffusion length F; which is proportional to square root of 	6. This can be 

achieved by fitting the charge collected to the drift-diffusion model [36, 37]. This model states that charge 

generated within the depletion width will immediately drift with the electric field and induce a charge on 

the electrodes whereas holes generated in the neutral region must first diffuse into the depletion width and 

is given by, 

8GHGIJ = K �L8
L5 � L5MN

O
P K �L8

L5 � exp �− 5 − 5;F; ! L5MQ

MN
. "5# 

Here, L8/L5 is the amount of charge generated per unit length which is directly proportional to the 

instantaneous stopping power of the alpha particle and 5S is the maximum range of the alpha particle 

simulated in SRIM. For 241Am impacting with 4H-SiC, 5S is 18.22 µm. Fig. 4 (d) shows the variation of 



alpha peak channel number as a function of the applied bias for each of the detectors. From the fitted 

models, the minority carrier diffusion lengths were calculated to be 16, 10, and 9.2 µm for the detectors 

fabricated on 50, 150, and 250 µm, respectively which implies that the resolution is not limited by hole 

trapping. Based on the stopping power (Bragg) curve for 241Am in 4H-SiC, most of the electron-hole pairs 

are generated towards the end of the particle’s path, and as a result, most of the charge transport is hole 

transport when the depletion width is less than or equal to the particle range. However, as the depletion 

width increases, electrons must travel further to the anode whereas the hole transit distance remains the 

same. Thus, the charge collected eventually switches to predominantly electron induced as the applied 

bias increases minimizing the effect of hole trapping on the detector resolution.  A summary of the 

extracted parameters for each of the detectors is presented in Table 1.  

Table 1. Summary of detector parameters for each of three detectors. 

Epilayer 

Thickness (µm) 
Φ�  
(eV) 

n -.//          

(1014 cm-3) 

Resolution  

(% FWHM) 
F;  

(µm) 

50 1.43 1.30 1.61 2.0 16 

150 1.55  1.56 1.59 0.78 10 

250 1.46 1.14 1.74 0.63 9.2 

 

3.3 Deep Level Transient Spectroscopy  

DLTS is a powerful and sensitive tool which uses the peaks in the capacitance difference spectra to 

extract the properties of deep levels in the material. DLTS measurements were conducted on the three 

detectors from 200-790 K at a steady state bias of −5 V following a 1 ms trap filling pulse of 0 V. 

Immediately following the filling pulse, the saturated travel levels will start thermally emitting and be 

ejected from the depletion region causing the capacitance to decay to the steady state capacitance (O"�# 

given by,  

("T# = (O"�# P Δ( exp"−V7T# "6# 

where, Δ( is the change in capacitance while traps are completely occupied and V7 is the electron 

emission rate which is related the temperature by Eq. 7 [38].  

V7 = X7Y�� exp �− CI���� . "7# 

Here, X7 is the trap’s electron capture cross-section, Y is a constant related to the mean thermal velocity 

of electrons 〈:G[,7〉, and CI is the thermal activation energy of the trap measured relative to the 

conduction band edge. Furthermore, the trap concentration can be determined from the ratio between Δ( 

and (O by the following, 

-G = 2 � Δ(
(O"�#� -.// . "8# 

The electron trapping lifetime 	7 is defined as the average time it takes for an electron traveling along 

some path to be collide with a trap center and be captured and thus can be defined as the mean free path FG divided by the mean velocity of carriers. FG for an individual trap is defined as 1/X7-G. For multiple 

traps all acting as recombination centers, the electrons can be trapped by any of the available trap centers 

and the mean free path becomes the reciprocal sum of the mean free paths for each of the individual traps. 

Thus, the electron trapping time can be represented as [19] 



1
	7 = 〈:G[,7〉 ] -G,*

*
X7,* . "9# 

Hence, the larger the trap concentration and cross-section are, the shorter is the trapping time, which will 

adversely impact the resolution of the detector.   

 

Figure 5. Deep level transient spectrums obtained using 0.5 ms initial delays and zoomed in on the Z1/2 

peak (a) and the spectra obtained using 10 ms initial delays zoomed in on EH6/7 (b) for each of the three 

detectors.  

Table 2. Summary of defect parameters extracted from the DLTS spectra of the three detectors. 

Thickness 

(µm) 

 Z1/2    EH6/7  -G  
(1011 cm-3) 

X7  
(10-15 cm2) 

CI  
(eV) 

 -G  
(1011 cm-3) 

X7  
(10-15 cm2) 

CI  
(eV) 

50 23 130 0.73  1.8 19 1.59 

150 8.6 1.4 0.60  2.6 38 1.63 

250 5.3 0.26 0.56  5.3 3.2 1.49 

 

In as-grown 4H-SiC epitaxial layers, the two lifetime limiting defects that appear in all epilayers are Z1/2 

and EH6/7—both of which are related to carbon vacancies [20, 25, 39-42]. Figs. 5(a) and (b) shows the 



DLTS spectrum of the detectors zoomed in on the Z1/2 and EH6/7 peaks while the extracted activation 

energies, capture cross-sections, and trap concentrations are recorded in Table 2. The 50 µm detector had 

both the highest Z1/2 capture cross-section and trap concentration at 1 × 10-13 cm2 and 2.3 × 1012 cm-3, 

respectively. While the trap concentration was only ~3 times higher than the 150 µm detector, its capture 

cross-section was two orders of magnitude higher explaining the huge performance jump between the two 

detectors. The 250 µm detector had both a lower Z1/2 trap concentration and capture cross-section than the 

other two detectors. EH6/7 had roughly the same order of magnitude concentrations for all three detectors 

although the 250 µm detector had a cross-section one order of magnitude lower. 

4. Conclusions 

4H-SiC epitaxial layers of thickness 50, 150, and 250 µm grown on low resistivity bulk 4H-SiC substrates 

were used as the semiconductor layer in Ni/n-4H-SiC Schottky radiation detectors. The three devices 

showed rectifying behavior confirming the existence of the Schottky barrier. The strongest rectification 

came from the detector fabricated on the 250 µm layer which had the ideality factor of closest to unity. 

Radiation detection measurements on the three detectors showed that the 250 µm detector had the best 

resolution of 0.63% FWHM compared to 0.78% and 2.0% for 150 and 50 µm, respectively. In 

semiconductor radiation detectors, the resolution is primarily limited by trapping from deep levels in 

epitaxial layers. To investigate the hole trapping properties, the drift-diffusion model was applied to the 

charge collected vs. applied bias characteristics which revealed that the worst resolution detector had the 

least minority carrier trapping, implying that the device performance was not limited by holes. The 

electron trapping parameters were determined from the capacitance mode DLTS spectra over the 

temperate range 200-790 K which revealed two lifetime limiting defects Z1/2 and EH6/7. By relating the 

product of the trap capture cross-section and concentration to the electron trapping lifetime, it was found 

that the best resolution detector fabricated on 250 µm epilayers had both the lowest Z1/2 concentration and 

cross-section product.   
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