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Abstract 

Neutron-induced displacement damage effects in  n-channel, 
depletion-mode junction-field-effect transistors (JFETs) fabri- 
cated on 6H-silicon carbide are reported as a function of tempera- 
ture from room temperature (RT) to 300°C. The data are analyzed 
in terms of a refined model that folds in recently reported 
information on the two-level ionization energy structure of the 
nitrogen donors. A value of 5 * 1 cm-3 per n/cm2 is obtained for 
the deep-level defect introduction rate induced by the neutron 
irradiation. Due to partial ionization of the donor atoms at RT, the 
carrierremoval rate isafunction of temperature,varyingfrom 3.5 
cm-l at RT to 4.75 cm-l at 300°C. The relative neutron effect on 
carrier mobility varies with temperature approximately as T-7/2, 
dropping by an order of magnitude at 300°C compared with the 
RT effect. The results offer further support for the use of S i c  
devices in applications which combine high-temperature and 
severe radiation environments, where the use of Si and GaAs 
technologies is limited. 

I. INTRODUCTION 
Silicon carbide is an emerging wide-bandgap (2.9 eV in 6H- 

Sic)  semiconductor technology, which has the potential to meet 
the operating requirements of electronics for commercial and 
space nuclear power applications. Typical environmental re- 
quirements include high-temperature operation (40&500"C), 
high radiation tolerance (100 Mrads and 1 x 10l6 n/cm2), and a 
useful lifetime of 7 to 10 years. The use of high-temperature 
radiation-hard electronics would simplify the design of nuclear 
power systems. For example, radiation-resistant, high-tempera- 
ture multiplexers could be used inside the pressure vessels on 
commercial nuclear power reactors, which would reduce the 
number of penetrations of the pressure vessel required to bring 
out signals for reactor monitoring and control. It would also 
enable installation of additional sensors for monitoring the status 
of the reactor core and structural elements. Similar simplifica- 
tions could be made in the design of space nuclear power systems 
such as the SP-100 thermoelectric power generator and the 
TOPAZ thermonic nuclear power source. Operating the elec- 
tronics at a high temperature would save significant weight by 
reducing the cooling requirements for the electronics. (Si elec- 
tronics will operate reliably for 10 years only if the operating 
temperature is maintained at less than 100OC.) Also, high- 
temperature radiation-resistant electronics could be placed closcr 
to the nuclear power source, thereby reducing the requirement to 

run signal and control cables over long distances to a control 
module where the electronics is operated at much lower tempera- 
ture and with much less radiation exposure. Thus, in addition to 
saving weight the system complexity can be reduced, which 
usually translates into an increased system reliability. This paper 
is part of an ongoing study by our group to validate the promise 
of S i c  for such applications. The goal of our research is ulti- 
mately to demonstrate that high-temperature radiation-hardened 
circuits can be designed and fabricated to meet these kinds of 
needs. 

At this conference in  1992, we presented the results of a 
neutron irradiation study on buried gate, n-channel, junction 
field-effect transistors (JFETs) fabricated in epitaxial layers 
grown on 6H-Sic wafers [I]. In that work we used a simple 
analysis to extract the carrier removal rate and mobility degrada- 
tion, based on the assumption that the carrier removal rate (a) was 
the same as the neutron-induced deep-level defect introduction 
rate(A),which wedetermined tobe4.5 * O S ~ m - ~ p e r n / c m ~ . T h e  
assumption a = A was largely necessitated by the fact that 
information essential tocalculatingthechangeinFermi potential 
and hence carrier concentration as a function of neutron fluence 
(as well as temperature) was lacking-namely, the basic ioniza- 
tion energy structure of the nitrogen (N) donors in  6H-Sic was 
not yet well established. This information is important in an 
accurate calculation of a because the N donors are only partially 
ionized at room temperature in Sic, and the deep trapping levels 
introduced by the neutron irradiation induce a shift in  the Fermi 
level E, which, in  turn,  affects the ionization probabilities. This 
information is, ofcourse, also essential to a proper understanding 
ofthe temperature dependence of the electrical characteristics of 
the devices. I n  late 1992, Suttrop et a1 [2] published the results of 
a detailed combined Hall effect and infrared absorption study of 
n-type 6H-Sic i n  which they deduced a two-level ionization 
structure (S5 and 125 meV) for the N donors. In a recent study [3] 
we showed that the temperature dependence of the electrical 
characteristics of n-channel 6H-Sic JFETs is indeed well de- 
scribed by a carrier concentration calculated using this two-level 
ionization structure for the N donors along with an inverse power 
law dependence of carrier mobility on temperature. (The inverse 
power depcndence of niobility on temperature has been reported 
gcnerally in  the literature, usually based on Hall measurements 

The purpose of the present work is twofold: (1) to present 
additional dataon thecffectsof neutron irradiation on SiCJFETs 
as ;I function of temperature from room temperature (RT) to 
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300°C using new samples of different doping density and lower 
initial compensation than used in our earlier work [l]; and (2) to 
present a more complete and accurate analysis of the carrier 
removal rate and mobility degradation as functions of both 
neutron fluence and temperature, in which the variations in EFare 
accounted for. 

In the next section we briefly describe the JFETs used in our 
present study and then present the experimental results, both the 
preirradiation temperature characterization and the effects of 
neutron irradiation for fluences up to 5 x 1015 n/cm2. In section 
IT1 we review the two-level ionization energy model for the N 
donors in n-6H-Sic and briefly review its application to the 
description of the temperature dependence of the electrical 
properties. We then discuss the extension of the model to include 
the neutron effects, in particular, the calculation of carrier re- 
moval; and we derive an expression for mobility which points to 
the strong temperature dependence of the neutron effect on 
mobility. In section IV we apply the theory to the analysis of the 
neutron radiation data on our JFETs, focusing in  turn on determi- 
nation of the defect introduction rate, calculation of the carrier 
removal rate as a function of temperature, and the unfolding of 
themobilitydegradation asa functionof temperatureand fluence. 
In section V we discuss some additional points and draw some 
implications from our work. Then we conclude with the assertion 
that S i c  is indeed a viable technology €or high-temperature/high- 
power electronics that must operate in severe radiation environ- 
ments. 

11. EXPERIMENTAL RESULTS 

A. Device Description 

The transistors used in this study are buried gate, n-channel, 
depletion-mode JFETs purchased from CREE Research, Inc. See 
Fig. 1 for a schematicof the cross-sectional design of the devices. 
The JFETs were fabricated in epitaxial layers grown on 6H-Sic 
wafers, packaged on TO-46 headers, and sealed in a nitrogen 
environment. The channel length, width, and depth of the active 
channel region of the devices were nominally 5 pm, 1 mm, and 

Source contact Drain contact 
L oxide 

n+epi n+ epi 

I n -type epi-layer I 

p-type 6H-Sic substrate 

Gate contact 
Fig. 1. Cross-sectional view of depletion-mode n-channel Sic JFET. 

0.32 pn, rcspcctivcly. The N donor conccntration in the channcl 
was 1.2 x 1017 ~ m - ~ ,  as dctcrmincd at CREE by capacitancc- 
voltagc mcasurcmcnts. Thc bottom (gate-sidc) pt cpi-layer form- 
ing the junction with thc channcl rcgion was doped to 2 x 
10l8 cm-3 with aluminum acceptors. A thin (-200 ASi02)oxidc 
was thcrmally grown to passivate the surfaces. The source and 
drain contacts wcrc depositcd nickcl, and thc bottom gate contact 
was a dcpositcd AI alloy. The ohmic contacts wcre annealcd at 
high tcmpcraturc. Thc carrier conccntration in the channel at RT 
was 6.2 x 10l6 ~ m - ~ ,  and the prcirradiation deep acceptor 
compcnsation dcnsity was 5 x 1015 cm-3 [3,9], a relatively low 
valuc for SiC.Thc RTcarricr mobility was mcasurcd as320 cm2/ 
V-s by Hall mcasurcmcnts on n-typc cpi-laycrs of comparable 
doping [9]. To cstablish the robustncss of thcsc dcviccs, 15 of the 
JFETs wcrc strcsscd prior to irradiation at 300°C for over 1000 
hours [lo]. All transistorssurvivcd this tcst with minimal changcs 
(4%) in  thcir clcctrical charactcristics. 

B. Electrical Characterization 

The drain current I D  vcrsus drain-to-source (VDs) and gate 
(V,) voltagcs was mcasurcd both bcforc and aftcr neutron 
irradiation for a scrics of tcmpcraturcs bctwccn room tcmpcra- 
turc and 300°C. From thcsc mcasuremcnts,valucsfor thcpinchoff 
voltagc (V,), transconductancc (g,,,), and saturatcd drain currcnt 
( I D S S )  wcre obtaincd. gm is dcfincd as the maximum 
transconductance evaluatcd at zcro gatc voltagc. Vpo was ex- 
tractcd from thc data using thc ID vs Vc curve, in  which thc slope 
of thc squarc root of thc curvc was cxtrapolatcd to thex axis, and 
thc thrcshold voltage VT dcfincd as thc x interccpt. VT is the 
cxtcrnally applicd gatc voltage rcquircd to achieve pinch-off. 
Thcn V isrclatcdtoVTviaVpo=IV~+Vbi,whcrcVbiisthebuilt- 
in  potcntial at they'n gatc junction in the channcl rcgion. lDss is 
dcfincd as thc value of thc drain currcnt for VDs = VT at Vc = 0. 

Figurc 2 dcpicts thc tcmpcraturc dcpcndcncc of thelD vs VDs 
charactcristics for a single rcprcscntativc JFET from RT to 
400°C. Thcsc mcasurcmcnts arc for zcro gatc voltagc, whcre the 
channcl is fully opcn for a dcplction-modc dcvicc. The device 
dcpictcd in Fig. 2 has an RT thrcshold voltagc of 8.65 V, with a 
corrcsponding pinchoff voltage of 11.4 V, transconductance of 
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Fig. 2. Measured drain current versus drain-to-source voltage at 
Vc = 0 for series of temperatures. 
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8.0 mS/mm, and saturated drain current of 38 mA. As the 
temperature increases, there is a reduction in gm and the current 
levels, for example, to g,,, = 3.5 mS/mm and IDss = 17 mA at 
4OO0C, a drop by a factor of a little over two. However, i t  is clear 
that good, clean transistor action is obtained throughout the 
temperaturerangeofFig. 2. But the keys to theunderstanding and 
successful modeling of the electrical properties of the S i c  de- 
vices are the descriptions of the carrier concentration and mobil- 
ity as functions of temperature, which we will discuss in section 
111. 

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
....... ;. .... _:. .... .;. .... .:_. ... .:. .... ;. .... .:. .... .:. .... .:. ..... . . . . . . . . .  . . . . . . . . .  

C. Neutron Irradiations 

Most of the neutron irradiations were carried out at the 
Army's Aberdeen Pulsed Reactor Facility (APRF), though we 
will include a limited amount of neutron irradiation data obtained 
at the Maryland University Training Reactor (MUTR), mostly as 
a comparison check of data taken at two different reactor facili- 
ties. The dosimetry is better characterized at the APRF (to within 
10 percent fast neutron fluence) than at the MUTR (20%); 
therefore, we put more reliance on analysisof the APRF radiation 
data. In addition, the gamma dose at the MUTR is almost a factor 
of ten greater than at the APRF-the gamma to neutron ratio is 
2.75 x rads(Si)/n/cm2 at the MUTR and 3.23 x lo-'' 
rads(Si)/n/cm2 at the APRF. The irradiations were carried out at 
both facilities at RT for a series of neutron fluences up to 5 x 

cm-2, after which electrical characterizations were done as 
a function of temperature from RT to 300°C. (However, only RT 
characterization data after irradiation at the MUTR is utilized in 
the analysis reported here.) The neutron spectra from the reactors 
are degraded fission spectra peaked at about 1 MeV. Since 
fluences expressed in 1 MeV equivalent in Sic were not yet 
available, we report all fluences in this paper as total fluence of 
fast neutrons, with energy 210 keV. 

Representative data of ID versus VDs at zero gate voltage 
taken at the APRF are shown in Fig. 3, at room temperature in (a) 
and at 300°C in (b). (We note these data are for a different device 
than in Fig. 2.) Included are the preirradiation data and the data 
after neutron fluences of 1 and 5 x 1015 n/cm2. Qualitatively, as 
reported earlier [l], we see a relatively large neutron effect at RT 
and relatively little neutron effect at 300"C, although the current 
is reduced by approximately a factor of two by temperature alone. 
Figure 4 illustrates the neutron irradiation effect (APRF data) on 
the threshold voltage (4a), transconductance (4b), and saturated 
drain current (4c), where the data are normalized to the respective 
preirradiation RT values. Data for a number of fluences and 
temperatures arc included; also, these data represent averages for 
five devices, with the preirradiation RT average values of -4.78 
V, 6.45 mS, and 21.0 mA for VT, gm, and IDss, respectively. 
Again, the decreasing relative neutron effect with increasing 
temperature is readily apparent. 

One interesting effect discernible at RT is the slight enhancc- 
ment in the device characteristics at low neutron fluence; the 
device electrical parameters rise slightly with fluence, peaking i n  
the range 1 x loi3 to 1 x n/cm2, before dropping off with 
additional fluence. We attribute this effect to a positive charge 
buildup in  the thin passivationoxide above the channel due to the 
gamma dose, which is approximately 10 krads(Si) at a neutron 
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Fig. 3. Measured drain current versus drain-source voltage at zero 
gate voltage after neutron irradiation at the APRF to several 
tluences at (a) rooni temperature and @) 300°C. 

flucncc of 3 x 1013 n/cm?- at the APRF. Thc positive charge 
buildup is prcsumcd to result in  an accumulation of carrier 
dcnsity in thc channcl ncar thc Si02/SiC intcrface as well as a 
small incrcasc i n  thc threshold voltagc necessary to pinch off the 
channcl. We assume thc oxide charging saturates at around this 
dosc, bcyond which thc paramctcrs dcgradc due to the ncutron 
cffcct. In  doing thc analysis of the ncutron damage, we account 
for thc oxidc charging cffcct csscntially by shifting the zero point 
for thc ncutron flucncc to thc point whcrc the maximum in  the 
clcctrical paramctcrs occurs. For further discussion of this cffcct, 
SCC scction V. 

In Fig. 5 wc show RT in  situ I-V data on a single JFET taken 
at thc MUTR. Thc tlucnccs indicatcd arc nominal values-later 
analysis of dosimctry indicatcd thc actual flucnccs wcrc about 10 
pcrccnt lowcr. Thcsc data, as wcll as thc higher tcmpcrature 
charactcrizations, arcconsistcnt with thc data takcn at the APRF. 

111. THEORY 

A. JFET Device Equations 

In  our modcling and analysis wc cmploy the standard, 
abrupt-junction long-channcl JFET dcvicc cquations. For com- 
plctcncss wc givc thc following cxprcssions which rclatc thc 
pinchoff voltagc, transconductancc, and saturatcd drain currcnt 
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Fig. 4. Normalized average SIC JFET electrical parameters versus 
neutron fluence (APRF data) at several temperatures showing (a) 
threshold voltage, (b) transconductance, and (c) saturated drain 
current at Vc = 0. All values are normalized to preirradiation room 
temperature values. 

(at Vc = 0) to the physical dimensions of the dcvicc and to thc 
channel doping density (Np,= 1.2 x 10'' ~ m - ~ ) ,  carricr conccn- 
tration (n), and carrier mobility (p) for a uniformly dopcd channcl 
region [ll]: 

16 
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Fig. 5. In situ measurements of drain current versus drain-source 
voltage at Vc = 0 at room temperature for several neutron fluences 
ut the MUTR Facility. 

whcrc x = Vbi/V,,o, q is thc clcctronic charge, is the diclcctric 
constant (-lo&, for 6H-Sic), and 0, L, Warc thc channcl dcpth, 
Icngth, and width, respcctivcly (0.32 p, 5 p, and 0.1 cm for our 
samplcs). The RT built-in junction potcntial Vbi is 2.75V and 
dccrcascs by 1.5 mV pcr dcgrce abovc room tcmpcraturc [12], 
and again we note that V ,  is related to the measured threshold 
voltage via Vpo = IV,] + V/bt We note that for partial ionization- 
as we have in n-6H-SiCat RT-we must distinguish between the 
space charge density N, in the depletion region and the carrier 
concentration 12 i n  the quasi-neutral channel region, as discussed 
previously in more detail [I]. 

B. Two-Level Donor Ionization Model 

Figure 6 illustrates the basic schematic model we use to 
calculate the carrier concentration I z  as a function of temperature 
both before and after neutron irradiation. We have space here to 
just briefly indicate the procedure. The two-level N donor ioniza- 
tion scheme inferred by Suttrop et al[2] is indicated in the figure, 
as well as a broad band of deep-level acceptor-like traps (with 
unknown energies). The lower donor level of 85 meV is associ- 
ated with N donors located i n  sites having local hexagonal 
geometry and the larger ionization energy of 125 meV with N 
donors in  cubicsites, with a relativeconccntration ratio of the two 
geometric sites, typically 1 :2, respectively. The deep-level com- 
pensation concentration (NK) is assumed to be temperature 
independent. (The placement of the Fermi level EF i n  Fig. 6 is 
schcmatically appropriate for a temperature somewhat greater 
than RT prior to irradiation. Also, the bandgap energy is actually 
temperature depcndcnt; the indicated value of 2.9 eV is an 
appropriate average value ovcr the temperature range from RT to 
400°C [(i].) We prcviously [3] calculated ii(T,) using this energy 
structure, along with the basic equilibrium condition of charge 
neutrality i n  the channel (net negative charge density equals net 
positive charge density), 

...""l-l. .. 
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Fig. 6. Schematic energy band diagram for n-type, 6H-Sic showing 
N donor ionization energies and deep-level compensation traps. 

n + NK = NDl+ + ND2+ , (4) 

where the ionization of the impurity levels is determined using 
Fermi-Dirac statistics: 

NDi+ = NDLl + (gn/NC)exp(Ed~kT)]-'. ( 5 )  

We used the standard expression [ l l ]  for n in  terms of the 
Fermi energy, n = Ncexp[-(Ec - EF)JkT], to eliminate EI; and 
thereby cast Eq. (4) into an equation with the single unknown 
quantity n(T). In these expressions g = 2 is the donor degeneracy 
factor, k the Boltzmann constant, Edi are the ionization energies 
of the two donor states (85 and 125 meV as indicated in Fig. 6), 
and N ,  is the effective density of states in the conduction band. 
We calculated N ,  = 2M(2nmZkTJh2)3/2 [ll] using 0.3m0 as the 
effective density-of-states mass m* [2], where m, is the free 
electron mass and h is Planck's constant, and assuming three 
equivalent conduction band minima (M) based on recent band 
structure calculations [13,14]. We obtained 1.25 x l O I 9  as 
the RTeffective density of states, which then scales as T3l2 with 
temperature. Based on Suttrop et a1 [2] we assumed No = NDI t 
ND2, where ND2 - 2NDI,  and we also note that the total donor 
density ND to be used here is the sum of the effective, or 
measured, space charge density (1.2 x 1017 cm") and the 
compensation density NK.  (In the device equations, Eqs. (1) and 
(3), it is the effective donor density that should be used, NDeff = 
ND - NK.) Finally, we ascertained the preirradiation value of the 
compensation density by fitting Eqs. (1)-(3) to the room tem- 
perature electrical measurements, thereby determining a value 
for n at RT (0.62 x 1017 ~ m - ~ ) ,  and then solving Eq. (4) for NK.  
We obtained a compensation value of 5 x l O I 5  ~ m - ~ ,  which also 
is in agreement with the value found by Schaffer et al [9] from 
fitting the Hall data on epi-layers of comparable doping. 

Figure 7(a) shows the result of applying this procedure to the 
calculation of n(T) for our devices before neutron irradiation [3]. 
Notethat thecarrierdensityisonlyabout halfactivatedat RT, and 
that full ionization is not achieved until the temperature exceeds 
about 700 K. This is in contrast to the usual situation i n  Si or GaAs 
where the carrier concentration is fully activated at RT. We used 
the n(T) shown in Fig.7(a), along with an inverse square depen- 

dence of mobility pon temperature [3,9] to calculate the electri- 
cal characteristics as a function of temperature. (In ref. 3 we 
ascertained the inverse square power law dependence of p on 
temperature by a best-fit analysis of the measured saturated drain 
current as a function of temperature. This analysis agreed very 
closely with the Hall mobility measurements as a function of 
temperature made on comparably doped epi-layers as reported 
by Schaffer et al[9], which is shown in  Fig. 7(b).) Figure 8, which 
i s  also taken from ref. 3, compares the calculated and measured 
saturated drain current IDS as a function of temperature, and 
illustrates the good agreement between the model calculations 
and experimental data for temperatures up to 400°C. There is 
some deviation between the measured and calculated values in 
the temperature range above 300OC. However, we observed a 
slight increase in  pinchoff voltage at and above 300°C of about 
5 percent. We postulated that this is due to ionization of deeper 
donor levels or traps at the higher temperatures, which is not 
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Fig. 7. Temperature dependence of (a) carrier concentration 
calculated based on two-level donor ionization structure (from ref. 
3), and (b) carrier niobility from Hall measurements (after ref. 9). 
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tie = tio - a@ , (7) 
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Fig. 8. Comparison 01 preirradiation calculated and measured 
saturated drain current versus temperature for V, = 0 (from ref.3). 

included in the model. If we adjust the calculation to account for 
the increased charge density indicated by the pinchoff voltagc, 
we obtain much closer agreement between the calculatcd. and 
measured current values at the higher temperatures. In any casc 
the quite acceptable agreement between calculated and measurcd 
ZDss indicated in Fig. 8 gives us confidence in applying thc two- 
level donor ionization model to analysis of the effects of ncutron 
irradiation. 

C. Effect of Neutron Irradiation 

We assume that the primary result of neutron irradiation is to 
induce displacement damage which introduces dccp-levcl traps 
(acceptor-like for n-type material) within the bandgap [15,16]. 
We assume these additional traps effectively can be treatcd as an 
increase in the compensation density, 

where A is the defect introduction rate assumcd to bc constant 
with neutron fluence @. We also assume that thc neutron-induccd 
traps are sufficiently deep that they remain occupicd by clcctrons 
at all temperatures of concern in the quasi-neutral channcl rcgion. 
(We do not assume that they remain filled in a dcplction (spncc 
charge) region at high temperature; however, we will assumc that 
the RT measurement of the change in pinchoff voltagc aftcr 
neutron irradiation gives a good measure of thc neutron-induccd 
deep-level density, or at least a good lower bound. That this 
indeed gives a good lower bound to the neutron-induccd dccp 
trap density is confirmed by aconsistency checkat 3OO0C, whcrc 
the predominant neutron effect is carricr removal. SCC discussion 
in the next section.) 

In the channel region there are two primary elcctrical mani- 
festations of the deep levels: (1) a reduction in the carricr dcnsity 
and (2) a reduction in mobility due to incrcascd scattcring of thc 
remaining free carriers with the additional chargc ccntcrs. Wc 
calculate the reduction in n by the same basic proccdurc dc- 
scribed above for n(T) but now use the ncutron-induccd incrcasc 
in NK (Eq. (6)); this procedure takes into account thc changc in 
Fermi potential with @under the assumption that thc dccp lcvcls 
are fully occupied. The effective carricr removal ratc a(T,#) is 

wherenoand n@are the pre- and post-irradiation carrierdensities, 
respectively, and a is in general a function of temperature and 
fluence, as well as doping density and initial compensation 
density. However, over the fluence range of the data reported 
here, the effective (average) carrier removal rate at room tem- 
perature drops by only 3% from its low q!) limit value. Therefore, 
it is really sufficient to simply give the low fluence expression for 
a, which we obtain analytically by substituting Eqs. (6) and (7) 
into the charge neutrality condition, Eq. (4). Then using Eq. (5 )  
and differentiating both sides with respect to #and letting @ = 0, 
we obtain the result 

a = A { l  +(Nd3)[bl l ( l  +blnJ2 + 2b2/(1 +brnJ2]]-' , (8) 

where bi = (g/N&xp(Edi/kT). 

The mobility p@ after neutron irradiation follows from the 
basic additive property of scatteringratesof carriers in solids and 
is given by the expression 

p4-' = Po-' t aAN,, , (9) 

where & is the preirradiation mobility, a is a scattering param- 
eter, and AN,, is the increase in charged scattering centers 
responsible for the mobility degradation. ANsc is composed of 
both the neutron-inducedcharge trapsand the increase in ionized 
N donors resulting from the reduction in EFwith increasing NK. 
From the basic charge neutrality equation one finds simply 
ANsc(T) = [2A -a(T)]@. The result for @can be put into the form 

c1p = p*(T)/I + P(T)@I--' 9 (10) 

where the parameter P(T) = a(T)po(T)[2A - a(T)]. But for 
carriers scattering from charge centers in semiconductors, a - 
T-3'2 [ll]; and thc preirradiation mobility varies as the inverse 
square power of T [3,9]. Thus pe can be written in the form 

PIT) = P0(TJT)7'2[2A - a(T)l , (1 1) 

where #lo is aconstant and To is a reference temperature, e.g., RT. 
Thus thesimple theory predictsavery strong temperature depen- 
dence of the neutron effect on mobility, which as we shall see is 
borne out by the data. 

IV. ANALYSIS OF EXPERIMENTAL DATA 

We now apply the preceding analysis to the neutron irradia- 
tion data, discussing in  turn the defect introduction rate, carrier 
removal, and degradation in  carrier mobility. As mentioned 
earlier in  section I I  (see Fig. 4), there is a slight enhancement in 
the electrical parameters at low fluence levels, primarily at RT, 
which we attribute to a charge buildup in  the passivation oxide 
above the channel associated with the gamma dose from the 
reactor. In  the following analysis we account fortheeffect simply 
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by referencing the fluence values to the fluence at which the peak 
enhancement occurred in the particular electrical parameter 
being analyzed. 

A. Defect Introduction Rate 

We assume that the change in pinchoff voltage with fluence 
at RT reflects the neutron-induced change in effective doping 
density in the depletion region, thus yielding an estimate of the 
defect introduction rate (A). As is evident from a scrutiny of the 
threshold voltage vs fluence (Fig. 4a), thermal detrapping of the 
trapped electrons in the neutron-induced deep levels occurs in the 
depletion layer as the temperature increases, with almost full 
removal evident at 300OC. Thus the RTchange in V can provide 
only a lower bound on A, as some detrapping l ikeroccurs from 
the more shallow neutron-induced levels in the depletion region, 
even at RT. However, as we shall see below, at 300°C where we 
expect that carrier removal is the primary cause of the neutron- 
induced reduction in gm or I,,,, the carrier removal rate calcu- 
lated from theA-value as deduced from the RTchange in  Vpo is 
consistent with the data. 

Accordingly, in Fig. 9 we plot the experimentally determined 
RT values of ND(l - V JV,J vs 4, the slope of which should be 
a direct measure of 1 based on Eq. (l)-i.e., the change in 
effective doping density is justA$(using Eq. (6) and ND'ff = ND 
-NK).  We include data points from our present samples, denoted 
here by lot B, irradiated at both APRF and MUTR, as well as two 
data points (at fluences of 1 x 1015 and 1 x 1OI6  n/cni2) from our 
previouswork[l] denoted by lot A.Thesolid lineshown isa best- 
fit straight line to thedata.From theslopeofthelinewedetermine 
our estimate of the defect introduction rate ofA = 5 * 1.0 cm-3 per 
neutron per cm2. This value is somewhat higher than we reported 
in ref. 1 (4.5 i 0.5 cm-l), but is still within experimental error. 
Note, however, that we have doubled the error limits on this basic 
result, because as we have gained more experience with the JFET 
devices, the neutron irradiations, and the factors that go into the 
analysis, we have become more cognizant of the possible errors 
that may affect the result (the main errors being dosimetry and 
measurement of preirradiation effective doping density, both 
being on the order of *lo%). The relatively close data fit shown 
in  Fig. 9 may indicate tighter error limits onA than +20%, but at 
this time we are reluctant to ascribe any better accuracy to the 
result. We note that the A-value we determined for n-6H-Sic is 
about 40 percent of the value for n-type Si extrapolated to 
comparable doping density [17]. This is consistent with the 
higher atomic threshold energy (21.8 eV) for displacement 
determined for 6H-Sic by Barry et al [18] (using energetic 
electron bombardment) relative to that for Si (13 eV). 

B. Carrier Removal 
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Fig. 9. Determination ofdefect introduction rate (A)  from change in 
pinchoff voltiige at room temperature. 
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Fig. 10. Calculated carrier concentration versus temperature after 
neutron irradiation to several tluences. 

for the carrier removal rate a in  the low fluence limit (Eq. (8)) as 
a function of temperature from 200 to 700K; note that a varies 
from 3.5 cm-] at RT (295 K) to 4.75 cm-I at 300°C (573 K), so 
that only at the higher temperatures does thecarrier removal rate 
approach the defect introduction rate. In effect, in  the regime of 
partial ionization of the donor atoms, the carrier removal due to 
deep-level trapping is partially offset by increased ionization of 
the donors (as the Fermi level drops in  energy with increased deep 
trap density). I n  general, the effective carrier removal rate as 
defined by Eq. (7) is a function of both temperature and fluence, 
but as can be discerned from a comparison of figures 10 and 11, 
f o r  temperatures above RTa differs from its low fluence limit by 
less than  5% for fluences up to 1 x 1 0 1 ~  cm-2. 

For completeness, we show i n  Fig. 12 some additional 
calculationsofa in the $4 limit asafunction oftemperature for 
several doping and compensation densities. Curve b is for our 
present (lot B) devices; curve c is for the lot A devices studied 
previously [I], which have a relatively high compensation den- 
sity (25% of the effective doping density); and curves a and dare 
for hypothetical devices of significantly lower (5 x 10'6 cm-3) 
and higher (5 x 10" ~ m - ~ )  doping densities, respectively, where 

It is now straightforward to apply the charge neutrality 
condition (Eq. 4) for the channel region using the two-level 
ionization energy structure for the N donors and the increased 
NKdensity (Eq. 6) associated with the value for A determined 
above to obtain the carrier density as a function of T and $. The 
results are shown in Fig. 10 for II versus Tboth before irradiation 
and after neutron exposure to fluences of 2 ,5 ,  and 10 x I O i 5  n/  
cm2 for our present (lot B) devices. In Fig. 11 we show the result - .  , . -  
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Fig. 12. Calculated carrier removal rate (in low fluence limit) versus 
temperature for several values ofdoping and compensation densities. 

we take the compensation densities to be 5% of the doping. We 
assumeA = 5.0 cm-l in all cases. Note that a -.A in all cases at 
high temperatures as expected. Curve c drops to zero faster as the 
temperature decreases relative to the other curves. This is due to 
the high compensation level in the 1ot.A devices, which results in  
a relatively much lower Fermi level at the lower temperatures. 
Note the structure (shoulders) apparent in all curves but c at low 
temperature (150 to 200K) and in curves a and b at higher 
temperature (400-6OOK). This results from EF moving down 
through the two donor levels as the temperature increases. The 
high temperature (deeper donor level) shoulder is not so apparent 
in curves c and d because the shoulder occurs at such high 
temperature that it  smeared out. Finally, for the record we note 
that the RT value of a for the earlier data of ref. 1 (curve c) is 
2.9 cm-l. 

C. Mobility Degradation 

Now armed with avalue forA and the calculated a vs Tcurve, 
we can infer the dependence of mobility on @from the change in 
gm orfDss, which are proportional to the product np(Eqs. (2) and 

(3)). IDS has an additional dependence on Ng, but because of 
the uncertainty associated with the detrapping of the electrons 
from the deep levels as the temperature is raised, we will usefDs 
data only at RT; at higher temperatures we use only gm data. In 
Fig. 13 we show the result for the extraction of the mobility 
parameter /3 at RT. Here, we plot pJp4 versus 4 for several sets 
of data, which according to Eq. (10) should be astraight line with 
slope P.Thedatasetsincluded in Fig. 13 include bothgmandfDss 
measurements taken at both the APRF and MUTR facilities; at 
the MUTR we include data taken both while the reactor was 
powered and later in timeafter completion of the irradiation. It is 
clear that except for one spurious data point, all the data are well 
f i t  by a straight line with the slope 1.05 x 10-16cm2, indicating 
that the mobility would be reduced by a factor of two at a fluence 
of 1 x 1OI6 cm-2. The one spurious data point (IDss) occurred at 
the highest fluence point during the powered-up state at the 
MUTR. This point was traced to an excess current (perhaps a 
drain leakage current along the surface of the passivation oxide) 
which disappeared within several minutes after powering down 
thereactor,resultingin the point immediatelyabove thesolid line 
at thefluence4.5 x 101scm-2.Again,becauseoftheuncertainties 
associated with the various measurements that enter the analysis 
we would ascribe an accuracy no better than about +25% to the 
value of /3. 

Next, we analyze the temperature dependence of the /3- 
parameter, since the simple theory we are using (Eq. (11)) 
indicates a strong power law temperature dependence. As men- 
tioned above we use only gn2 data for this analysis. We also use 
only APRF irradiation data (except for a single RT MUTR g,,, 
point used simply to indicate consistency of the MUTR data with 
the APRF data). To eliminate the relativety weak temperature 
dependence associated with a(T), we define the auxiliary func- 
tion /3'(T) = {[2A-a(TJ]/[2A-a(T)])P(T). Hence, according to 
Ey. (ll), /3'(T) =T-'l2. Figure 14 shows a plot of log B'vs log T 
from RTto300"C.Thesolid lineissimply astraight Iineofslope 
-3.5 drawn through the RT APRF point. It obviously provides a 
good description of the data and points to the validity of the 
simple theory used here. 

I I I I I 

1 2 3 4 5 

9 ( ~ 1 0 ' ~  cm-2) 

Fig. 13. Extraction of room temperature mobility parameter 
(b) from g,,, and IDss data as function of neutron fluence. 
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Finally, to emphasize the strong temperature dependence of 
the neutron effect on mobility, we show in Fig. 15 calculated 
curves of mobility versus fluence at several temperatures using 
Eq. (lo), scaling po as T -2 from its measured RT value of 
320 cm2/V-s, and using Eq. (11) to scale /?from the RT value of 
1.05 x cm2 determined in Fig. 13. The upper curve in  Fig. 
15 shows the result for pversus $at room temperature. Note that 
pdrops by about a third of its pre-rad value at a fluence of -5 x 
1015 cm-2. The experimental value ofg, at 4 = 5 x iot5 cm-* is 
degraded to 40% of its pre-rad value of 6.45 mS/mm, with 
roughly comparable contributions in the reduction coming from 
carrier removal (28%) and mobility reduction, along with a 
smaller (-10%) effect arising from the change in pinchoff volt- 
age (see Eq. (2)). The lower curve in Fig. 15 is the calculated ,u 
versus 4 curveat 300"Cforwhich/?isscaled to0.08 x 10-'6cm2. 
Note that the relative neutron effect on pis an order of magnitude 
less at 300°C than at RT. As a result, we attribute the relative 
neutron effect on g, almost solely to carrier removal at 300"C, 
observing also from Fig. 4(a) virtually no change in  threshold 
voltage with @at 300°C. In fact, at 300°C gm is reduced (Fig. 4(b)) 
to about 0.76 of its pre-rad value at a fluence of 5 x 1015 cm-2. The 
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Fig. 15. Calculated carrier mobility versus neutron fluence at four 
temperatures. 

calculated reduction due to carrier removal (see Fig. 11) is 21 %, 
which along with an additional 4% effect from mobility is in  
complete agreement with the experimentally observed reduc- 
tion. This is the consistency check we alluded to earlier which 
supports our assertion that the measured RT change in Vpo 
provides a good lower bound on the defect introduction rate. 

V. DISCUSSION 

It is clear from the data reported here that the present S i c  
JFETs are relatively quite hard to neutron irradiation. For ex- 
ample, from Fig. 4 we observe at a fluence of 3 x 1015 cmd2 less 
than 10-percent reduction i n  the device parameters over the 
temperature range studied (RT to 300°C). Even at a fluence of 5 
x cm-2, at 300°C there is only about a 25 % reduction in g, 
or I,,ss. Furthermore, since at 300°C the neutron effect is essen- 
tially due only to carrier removal (with essentially full ionization 
of the donors being achieved and a -A at this temperature), we 
expect little additional change in  the relafive neutron effect at 
even higher temperatures-until a sufficiently high temperature 
is reached that annealing of the neutron-induced damage occurs. 
(See below for further discussion.) 

With these comments in mind, we can easily arrive at some 
general steps necessary to harden Sic JFETs to higher neutron 
fluences. For example, if one wanted devices to operate at 
temperatures 300°C and above to a neutron fluence of 
1 x 10'6cm-2 (which has been a stated goal for 10-year lifetime 
space nuclear power applications), then a doping density of 5 x 
1017cm-3 would be required, assuming a criterion of 10% 
maximum reduction in the device electrical parameters and the 
same defect introduction rate of 5 cm-' as determined here. In 
fact, we attempted to procure such devices for the present study 
so that we could experimentally demonstrate 1 x 10l6 n/cm2 
hardness. However, in order to keep the threshold voltage reason- 
able, i.e., to 510 V, the channel depth had to be decreased to 
something less than 150 nm (see Eq. (1)). The first attempt at 
fabrication of such devices proved unsuccessful. We do not 
believe this to be any fundamental obstacle, but rather indicative 
ofa yet immature and emerging technology.Thus, actual demon- 
stration of neutron hardness to 1 x 1016cm-2fluenceremains for 
a further study. (Also, the new devices we tried to obtain were 
top-gated as opposed to the bottom-gated devices used here. This 
would have the additional advantage of possibly eliminating the 
small enhancement effect observed here at low neutron fluence, 
which we believe is associated with gamma-induced chargingof 
the passivation oxide above the channel in  the present (lot B) 
devices. Even though the effect is one of enhancement, i t  would 
still be generally best to eliminate it, bccause i t  is basically 
u nco n t ro I I ab I e.) 

The question of annealing of the neutron-induced damage 
arises naturally. The short answer is that we have observed no 
evidence of any annealing occurring over the temperature range 
we havestudied (RTto 300"C)either in  thisworkorourprevious 
study [l] .  The ncutron-induced defects appear quite stable in the 
tcnipcrature and time regimes of our measurements. With this 
said, though, we cannot claim to have conducted any kind of 
rigorous study of annealing effects. However, our casual obser- 
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vations are completely consistent with the only comprehensive 
study of defect annealing after neutron irradiation of n-type 6H- 
S i c  that we have found in the literature-that of a Russian group 
at the Ioffe Institute [19]. Their samples were single crystals of n- 
type 6H-Sic with uncompensated donor concentrations between 
1 x 1017 and 1 x ~ m - ~ ,  and their measurements included x- 
ray diffraction, Hall effect, and optical absorption. They con- 
ducted isochronal annealing in the temperature range 200- 
2600°C after irradiation with reactor neutrons. Their principal 
conclusions which are pertinent to our work include the follow- 
ing: (1) essentially no annealing occurred below 500°C; (2) the 
radiation-induced, electrically active gap states annealed in a 
narrow temperature range above 1000°C; (3) 3 0 4 0 %  of all 
defects were annealed by 1200°C; (4) complete annealing of the 
damage occurred by 1700°C for fluences less than 1 x 10" 
cm-2; and (5 )  for larger neutron fluences stable damage existed 
all the way to 2600°C. 

As to the possible energy levels of the neutron-induced gap 
states, we really cannot say much quantitatively based on the 
results of this study. What is required to do this is a careful deep- 
level transient spectroscopy (DLTS) study, which we are cur- 
rently setting up and hope to carry out on our devices in the near 
future. What we can say based on the present results is, first, that 
the induced traps essentially remain fully occupied in the quasi- 
neutral channel region up to at least 300°C. At this temperature 
and after irradiation to a fluence of 5 x 1015 the calculated 
Fermi level is 0.30 eV below the conduction band edge (E,). 
Therefore, for full occupation the induced levels must lie several 
kT below this value, putting them at least 0.40 eV below E,. 
Second, based on the behavior of the threshold voltage as a 
function of temperature after irradiation (Fig. 4a), we conclude 
that in the depletion region the deep traps remain filled with 
electrons at RT but that at 300°C the trapped electrons are mostly 
all ejected on the time scale of the measurements (seconds). 
Based on simple emission time arguments [20], we estimate that 
the induced trap energy levels lie in the range 0.8 to 1.7 eV below 
E,. (Here, we are using the expression re = (g/u,vt,,NJ exp(E71 
kT) for emission time te from a trap with energy ET below E,, 
where u, is the capture cross section by a Coulomb center and v,,, 
is the thermal velocity of a free carrier. For our estimate we are 
taking uc *1 x cm'and setting te= 10 s.) This energy range 
is consistent with the conclusion of the Russian group [I 91 that 
the electrically active neutron-induced defects were nonradiative 
recombination centers lying in the midgap region. 

Finally, we make a few comments concerning the low 
fluence enhancement effect that we observed and attributed (see 
Section TI) to positivechargingof the passivationoxide above the 
channel by the gamma dose. We note that such an effect has also 
been observed in GaAs by Khanna et a1 [21] and Jorio et al[22]. 
These workers attributed the effect in their case to a radiation- 
induced ordering effect in which the nature and distribution of 
preirradiation defects are changed by the radiation in such a 
manner as to improve the electronic properties. To support the 

notion that the low fluence enhancement effect in our case is 
likely due to a positive charge buildup in the oxide, we note that 
it occurs at roughly an order of magnitude lower neutron fluence 
at the MUTR than at the APRF but at approximately the same 
gamma dose (due to thedifferent ratiosofgammadose to neutron 
fluence). Also, the effect is most evident at RT, which is consis- 
tent with annealingof oxidecharge (and interface traps) at higher 
temperatures. Furthermore, theareal density of the carriers in  the 
channel at RT looking down from the top (Fig. I)  through the 
channel depth D is nD = (0.62 x 1017cm")(3.2 x cm) 

2 x 1OI2 cm-2. This means that to effect a 10% increase in  the 
effective areal carrier density requires a positive oxide charge 
density of only about 2 x IO" cm-2, a very plausible charge 
buildup even at zero applied field across the oxide (though 
fringing fields between the drain and source regions do exist in 
the oxide layer). A final point, based on the discussion above on 
annealing (or lack thereof), is that defects in Sic appear to be 
essentially immobile at RT. In the end, however, these arguments 
are all speculative in nature, and further elucidation of the low 
fluence enhancement effect in the S i c  JFETs remains a topic for 
future study. 

VI. SUMMARY 
We have presented a more complete analysis of neutron- 

induced displacement damage effects in n-type 6H-Sic JFETs 
than previously [I], in which, by folding in new information on 
the ionization energy structure of the nitrogen donors, we can 
account for the change in Fermi potential with both temperature 
and neutron fluence. A better description of carrier removal and 
mobility reduction is thereby obtained. A value of 5 2 1 cm-I is 
found for the fundamental defect introduction rate. The carrier 
removal rate is temperature dependent, varying from 3.5 cm-l at 
room temperature, where there is only partial ionization of the N 
donor atoms, to 4.75 cm-l at 300°C. The relative neutron- 
induced degradation in mobility is strongly temperature depen- 
dent, scaling approximately as T -7/2. At RT a fluence of 1 x 

reduces the mobility by a factor of two, but at 300°C 
the neutron effect is an order of magnitude less. 

In conclusion, the results of this study offer further encour- 
agement for the useof Sicdevices that must withstand both high- 
temperature and severe radiation environments, where the use of 
standard Si and GaAs technologies is limited. 
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