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ABSTRACT

Temperature dependant properties of wide band gapicenductors have been used to
calculate theoretical specific on-resistance, kieak voltage, and thermal run away
temperature in SiC, GaN and diamond, and Si vérpcaver devices for comparison. It
appears mainly that diamond is interesting for hpmgwer devices for high temperature
applications. At room temperature, diamond powetabs should be superior to SiC only for

voltage higher than 30-40 kV, due to the high epexdivation of the dopants.

Keywords :wide bandgap,Power semiconductor devices, Semiconductor magerial

1 INTRODUCTION

Progress in semiconductor technologies have beaomgequent these last decades
that theoretical limits of silicon, that have ldsgdominate the market, have been achieved. In
the same time, research on other semiconductord, especially wide band gap



semiconductors have allowed to realize a greaewanf power devices : Schottky diodes,
bipolar devices, MOSFET, JFET... [1] - [3]. Among#e wide band gap materials, silicon
carbide is the most advanced from a technologicaitf view: Schottky diodes are already
commercially available and JFET will be soon. Doetlieir superior material properties,
diamond and GaN should be even better than SiClidgons for these wide band gap
materials are high voltage devices but also higiperature devices.

In this paper, we have calculated theoretical atarstics such as breakdown voltage,
taking into account multiplication of electrons,lé® and multiplication in SCR, specific-on
resistance, taking into account physical model afbiity when available in literature,
maximum electric field, temperature of thermal mvag...for Silicon, Silicon carbide, GaN
and diamond using an ideal planar semi infiniteddiolr herefore the equations are resolved in
the vertical direction only, with no edge effecthiese results are compared with published
experimental results and discussed.

2 DETAILS OF CALCULATIONS

2.1 PRELIMINARY CALCULATIONS

One important parameter for high voltage and heghperature capabilities of devices
is the intrinsic carrier concentration. Mhe lower pnis, the lower are leakage currents.
Moreover, the temperature of thermal runaway ofiaevis defined as the temperature for
which the intrinsic concentration becomes equ#h#odoping level of the active layer.

The intrinsic concentration ; nis calculated using the well-known formulas of
semiconductors and taking into account the tempexdf) dependence of the semiconductor
bandgap Eas:

E, = E,(300K)-A (T~ 300 for all SiC polytypes and diamond [4], [5], forlves of

A, see Table I.
2

E, =3.28- 7.% 1GT— for 3C-GaN [6]
(T +600)
TZ
E, =3.47- 7.7 10— for 2H-GaN [6]
(T +600)

The effective density-of-state-mass for electrorggvsn by:
mdos,n = ( mlm ZmQ%
and for holes :

%

k is Boltzmann constanf)s, is the spin-orbit splitting energy, adg; is the crystal-
field splitting energy, rgi is the geometrical mean of the effective masomyitudinal ()
and transversal (#) direction in each of the 3 considered valencadi{ar 1 for light holes, i
= 2 for heavy holes and i = 3 for the split-off danmy, m, and m are electron effective mass
in the three main directions of the conduction beaitey.

For silicon, we have used temperature dependehdsamdgap [7] and effective
density of state mass given in [8].



However, some of these fundamental parameters @re&kmown in some of wide
bandgap semiconductors, therefore Table | summatizgsarameters we have used.

Taking into account all these parameters, intriosiecentrations have been calculated
as a function of temperature and is plotted in Fadu

In regard to silicon, jnis several decades lower in SiC or GaN band galpfanher
more lower in diamond, up to very high temperatlirés important to note that except for
silicon the temperature dependence of effectivesiisasot known. Moreover, the temperature
dependence of the bandgap for other semicondutésraot been demonstrated in a so widely
range, so the high temperature values are an eatagn. Finally, at temperature higher than
1000-1200 K, these semiconductors begin to be eoy physically stable (for example,
sublimation of silicon in SiC polytypes...).

2.2 THEORETICALBREAKDOWN VOLTAGE

Main parameters to calculate the breakdown voltagkcritical electric field are ionization
coefficients of electrons and holes. Accordinghe theoretical model of the lucky electron
developed by Shockley [19], these coefficientsexgressed as :

b
Opp= an’pEéXp{— ”ij

where F is the electric field in the structurg, and B, are constant but may depend on
temperature. This formulation is in agreement whid émpirical law of Chynoweth [20]. That
is why this model is widely used for many semicastdts.
Table Il summarizes retained values for ionizati@efficients at room temperature. No
temperature variations have been considered, daelack of data for the majority of these
materials. However, the temperature dependenceeaikdown voltage in Si [21] or in SiC
[22] is not so high. It is important to note thatlyionisation coefficient of holes in 6H and
4H-SiC have been determined in [23]. Values ofteters are obtained with the same ratio of
40 determined in 4H-SIC in [24]. In 3C-SIiC, ionisat coefficients have been determined for
holes and we assume that electron ionisation @ieffis are the same [25]. For silicon, model
of van Overstraeten — de Man have been used, eslzbsin [26].

Using these coefficients, the multiplication coefnts in the p-type region Min the n-
type region M and in the space charge region MSCR are calculagety the following
formula:

M. = 1
n- - a,-a,)dx
1—jxx"anEeLp( )
_ 1
Mp B X, j:"(an—ap)dx
1—jxp a, &
- o, =0, )dx
o qureh B,
Mzce = - % o
[ quts



The global multiplication factor is given by:

_ M3 (X)) + M I (X )+ M peed ser
‘]ph (VO)

where J(Xp), b(Xp), Jbcr and Jn(Vo) are respectively the generated photocurrent
density of electrons at the edggof the P region, the generated photocurrent densiioles
at the edge xof the N region, the generated photocurrent insiece charge region, and the
dark current at zero bias. Their expressions arengiv [28].

For a couple of values ¥VNp of epilayer thickness and doping level, and fgiven
applied voltage, the electric field profile is aakted in the structure as a function of depth z.
For each profile of F, the ionization coefficientd| previous ionization integrals and the
multiplication factor M are calculated. Voltagesiep by step incremented and value gfi¥
considered when M is multiplied by 1000 between tsteps of voltage. The maximum
electric field  is the value of the electric field at the metaligal junction for \4, when
avalanche multiplication occurs. dNs chosen so that the epilayer is not completefyleted
even at breakdown (i.e. it is the case of a norciptinrough diode) so ¥W> Wypr.

Once the breakdown voltage and maximum electrld fig have been calculated, the
width of the non-punch through n-type diodgad/can be calculated with:

Vbr - 2Vbr
F geNp

Wypr =2

wheree€ is the dielectric permittivity of the semiconductdhat is the lower depth of the
epilayer to block Y, for a given doping level.

2.3 THEORETICAL SPECIFIC ONRESISTANCE
After that, the specific on-resistangg (expressed i2cm?) is given by:

Pon = PWypr
wherep is the bulk resistivity, depending on temperatmd doping level of the material. The
calculation ofp needs to calculate the carrier drift mobility athé carrier concentration,
which is not equal to the doping level due to tighlactivation energy of the dopants in wide
band gap semiconductors. In Si, we assume thad@lants are ionized above room
temperature.
So we need the activation energies (see Table fllth®@ commonly used dopants in each
semiconductor. For n-type materials: nitrogen in®KB [29], [30] and 4H-SiC [31], Si in
2H-GaN [32], phosphorus in diamond [33]; for p-typaterials aluminum in SiC [34] and
boron in diamond [35].
Then the electron concentration is given by thelotism of the electroneutrality equation
[36]. The electron drift mobility is the sum of cdbution of the different scattering
mechanisms — see [37], [38] for the complete dpB8on of the method - and can be
calculated as a function of temperature and dopawgl for hexagonal silicon carbide.
Because of a lack of theoretical data, electronilitypls. doping level in 2H-GaN has been
established by fitting experimental data of Re®][3In the case of diamond, theoretical
mobility has been calculated using data in Ref] [@@d Ref. [41]. For silicon, model of
Masetti et al. [42] has been used for carrier miybdependence. For cubic SiC, model of
mobility described in Ref [43] has been used.



3 RESULTS ABOUT BREAKDOWN VOLTAGE

It is therefore possible to plotg\rs. W (Figure 2) , Evs. Ny for the lower W value (Figure
3Figure ) and also ¢t vs. Vir (Figure 4).

As we can see from Figure 2 and Figure 3 the idlizacoefficient used for diamond is
obviously not appropriated because resulting: 6 lower than that expected from
experimental results [44]. So in all next figuréata from [44] will be used for diamond.

Fit of curves from Figure 2 show that breakdownagé as a function of doping level can be
expressed as a power of N

Np =A; wb_rBl

where A and B are given in Table IV.

Fit of the curves from Figure 3 shows that the nmaxn electric field also varies as a power
of the doping level following:

F.= ANy

where A and B are given in Table V.

Fit of the curves from Figure 4 shows that the mmaxn electric field also varies as a power
of the doping level following:

Wier =A3 bir3

where A and B are given in Table VI.

Finally it is of interest to plot breakdown voltags a function of the thermal runaway
temperature at which the intrinsic carrier concaidn becomes equal to the higher doping
level that gives the considered breakdown voltages temperature is therefore higher in
wider band gap materials, but is not dependenthenactivation energy of dopants. This
temperature is represented in Figure 5 as a fundfitoreakdown voltage. Cubic and wurtzite
GaN and wurtzite SiC are very close in terms ofrtied limitation of blocking capabilities.
Cubic SIC are able to support lower temperature reatains ~500°C above silicon. For
diamond, parameters used shows no temperatureatiomt from the semiconductor
(theoretical temperature ~1800°C) fog, ¥ 100 kV. However, precise ionization coefficients
remain to be experimentally determined for diamond.

For wurtzite silicon carbide, ionization coeffictenof holes have been found to decrease
linearly with temperature between 250 and 550 K.[3® our breakdown voltage values may
be underestimated at high temperature. Howeves, ppbssible that Konstantinov ionization
coefficients of electrons in 4H-SiC are underestedd45].

4 RESULTS ABOUT FORWARD/REVERSE COMPARISON

Figure 6 and Figure 7 show the resultipg, values as a function of breakdown
voltage at 300 K and 600 K respectively. Valuepgfhave been calculated with the same
minimum width than at 300K, due to the temperatodependent ionization coefficient that
we have used. It is obvious that for a givep Yhe on-resistance is three orders of magnitude
lower in SiC than in Si. This is due to the high maxm electric field that can be sustained
by the material. Indeed it allows to reduce théagpr width and s@., for a given \4,.

Surprisingly, diamond R-Vy, characteristic at room temperature is not supdgor
SIiC or GaN ones. This is due to the very high atmaenergy of phosphorus (0.57 eV),
which gives a very low concentration of carriersr@am temperature. For example, at a



doping level of 18" cm®, less than 0.03% of dopants are ionized at roonpégature. But it
can also be due to the relatively low electron riyb(1030 cm2V's™ at low doping level).
This explains the difference with the results expdsg Saito et al. [46] who used an electron
drift mobility of 3800 cm2Vs?, without taking into account the incomplete iotiiga of
dopants. So n-type diamond unipolar devices haviatecest for applications with breakdown
voltage lower than 50 kV at room temperature. Gndbntrary, at high temperature (600 K),
due to the ionization of dopants, it is clear fréfigure 7 than diamond becomes really
superior to other semiconductors for voltage as &1 kV. At 600 K, the specific on-
resistance is increased by a factor 10 in silicemiaks for 4, = 1 kV. 2H-GaN is very
interesting, even superior to 4H-SiC, but its tha@roconductivity is about 3 times lower than
those of SiC. So that for high temperature appboat 4H-SiC remains more interesting.

For p-type diamond, due to the lower activationrgpeof boron (0.37 eV) than
phosphorus in n-type, the ionization ration of ddpa-20 times higher in p-type than in n-
type diamond. Assuming that hole mobility equakctbn mobility,p., should be ~20 times
lower in p-type diamond.

Experimental results have been also reported onréigufor comparison with
theoretical results. Only devices without forwandeshold voltage can be easily compared in
terms of the on-state losses, i.e. bipolar tramsst(BJT) [53], Junction Field Effect
Transistors (JFET) [48] and SIT [50], MOSFET [49]. Oteeperimental devices such as
Schottky diodes [51], and Junction Barrier diod#S) [47] [55] have been plotted, but in
these devices the on-state losses are not summed tie dynamic on-state resistance.
Bipolar devices such bipolar diodes I&BT have not been summarized in this graph because
in these devices, high minority carrier injectianforward bias allows to reduce the voltage
drop due to the on-resistance in regards to des@éhat comparingo., have no sense.

in
ly

igh

of

8].

A heterojunction AlGaN/GaN Field Effect Transistorvhabeen realized [56] and have
achieved a breakdown voltage of 1600 V, with a gijgean-resistance of 3.9 ficmz2, which
is a good result in regards to the maturity of timaterial technology. Lateral Schottky
rectifiers have shown yin the order of 6.5 kV together withpg, = 0.2Q.cm? [57].

For diamond, Schottky diodes have been realizeth @&it exceptional breakdown
voltage of 6.5 kV but with a very high specific oesistance of 30Qcm?2 [44], that explained
the representative point in out of range of therkgy



5 CONCLUSION

Numerical calculations of breakdown voltage, spe@h-resistance and thermal run
away temperature of unipolar devices have beerepted, and compared with experimental
published results. These calculations have beenucted taking into account the temperature
dependence of physical properties of wide band magerials, when they are known. It
appears that i) published ionization coefficient damond are not in agreement with
experimental results, ii) that p-type diamond beesmwery interesting for high voltage devices
at high temperature, at room temperature diamonatisuperior to SiC for voltages less than
30-40 kV. In future, if the problem of n-type dop&im diamond can be resolved, then the on-
resistance can be lowered and diamond will takeaatdges on the other materials. iii) that
experimental results with 4H-SiC devices are nofasdrom theoretical limits. These limits
could be refined by taking into account temperatigpeendence of ionization coefficients (not
known except in Si and SiC), but also by resolving heat equation. Then the on-losses
could be properly evaluated by taking into accosetf-heating, and cooling systems.
Moreover, thermal study of power devices shouldvalito compare vertical and lateral
devices, that is a complicated challenge. Thisasixt step of this work.
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FIGURE CAPTIONS

Figure 1 : Intrinsic carrier concentration in varsolarge bandgap semiconductor, displayed
VS. reciprocal temperature.

Figure 2: Maximal doping level vs. theoretical tk@awn voltage for several wide bandgap
materials. Ref. is [44].

Figure 3: Maximum electric field vs. doping levelr fseveral wide bandgap materials. The
position of the diamond curve is clearly false dige incorrect ionization
coefficient.

Figure 4: Non punch through width vs. theoreticaaikdown voltage for several wide band
gap materials.

Figure 5: Run-away temperature as a function adikmewn voltage.

Figure 6: Theoretical resistance of the epilayea dsnction of breakdown voltage at room
temperature. Experimental results (stars) are detlatom [47] - [57] [44] [1].
Open square symbol represents an industrial cormp@eET from SiCED).

Figure 7: Theoretical resistance of the epilayea &sction of breakdown voltage at 600 K.
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FIGURE 1
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FIGURE 2
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TABLE |: Physical parameters for bandgap and effective teasgerature dependence in wide
band semiconductors.

6H-SIC | 4H-Sid 3C-SiC 3C-GaN| 2H-GaN C
my/mo 0.75[9] | 057[9] 0.69[9] | 0.13[10]] 0.2 [6] 1.4 [13]
my/mo 0.24[9] | 0.28[9] 0.25[9] | 0.13[10]] 0.2 [6] 0.36 [13]
my/mo 1.83[9] | 0.31[9] 0.25[9] | 0.13[10]] 0.2[6] 0.36 [13]
Myp2/Mo 0.80[9] | 0.82[9] 1.11[9] | 0.19[12]] 0.29[11 0.36 [14]
My Mo 0.80[9] | 0.82[9] 0.33[9] 1.3[12] | 1.4[11] 1.08 [14]
Mypd Mo 0.79[9] | 0.78[9] 051[9] | 0.33[12]] 0.6[11] 0.15 [14]
Aso (MeV) 8.5[9] 8.6 [9]| 14.5[9] 20 [6] 8 [11] 6 [15]
At (MeV) 53 [8] 72 [8] 0[8] 0[6] 40 [11] 0
Mc 6 3 3 1 1 6
Mdos,dMo 1.2 1.2 1.4 0.97 1.28 1.11
Maos.dMo 0.69 0.37 0.35 0.13 0.2 0.57
Eg(300K) (eV) 2.925[4] | 3,165[4] 2,2 [4] 3,203 [6]] 3,393 [6] 5.47 [5]
A (eVeK?Y | 3,3x10%[16]| 3,3x10% 5,8x10" [17] 5,4x10° [18]

mg is the free electron mass. H is denomination lafosi carbide or GaN is related to the hexagomnalcstre
of the material (wurtzite crystallographic strueyrC is related to the cubic structure of the matézinc blend

crystallographic structure).

TABLE II: lonization coefficients for electrons and holesoatm temperature for different
wide band gap semiconductors.

electrons holes

an () | by (Vem™)| a(cm™) | by (Vem?)
4H-SIC [24]| 4.1x10° | 1,6710" | 1,63x10°| 1,6710’
6H-SIC [23] | 6.5x10% | 1,5x10° | 2,6x10° | 1,5x10’
3C-SiC [25] | 1.07x10"| 1.12x10" | 1.0%&10°| 1.12x10’
3C-GaN [27]| 4.68x1C¢°| 1.23x10° | 1.03x10°| 8.22x10°
2H-GaN [27]| 2.9x1C® | 3.44x10" | 4.81x1CP| 1.94x10’
Diamond [2] | 1.935¢10%| 7.74%10°| 1.935x1(¢ 7.74%10°

TABLE lll : Activation energies of main commonly used dopamtside band gap
semiconductors.

4H-SiC | 6H-SIC 2H-GaN| diamond
Donors (E=) | 0.059 eV| 0.082 eV | 0.017 eV| 0.57 eV
0.102 eV| 0.14 eV
Acceptors 0.19eV | 0.2eV 0.2eV* | 0.37 eV
(Ea=) 0.22 eV ™

* assumed value. ** we assume that Al occupiedwedifferent lattices sites in 6H-SiC.
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TABLE IV : Theoretical values of Aand B, according to the previous formula, in which &
expressed in V, andg\n cm-3.

A; B:
4H-SiC 3.77x107° 1.389
6H-SiC 1.76x10% 1.519
3C-SiC 6.98x10" 1.344
2H-GaN 1.88x10%° 1.257
3C-GaN 1.31x10%° 1.379

Si 2.67x10' 1.405

TABLE V: Theoretical values of Aand B, according to the previous formula, in whichi$
expressed in Vil and N in cmi®.

A, B,
4H-SiC 1.66x10° 0.138
6H-SiC 6.14x10° 0.170
3C-SiC 1.87x10° 0.122
2H-GaN 7.94x10° 0.100
3C-GaN 1.21x10° 0.137
Si 2.08x10° 0.143

TABLE VI : Theoretical values of Aand B, according to the previous formula, in whichyW
is expressed in pm, ang,\in V.

Az Bs

4H-SiC 1.75¢10° 1.19
6H-SiC 8.17x10* 1.25
3C-SiC 4.09%10°3 1.16
2H-GaN 2.35¢10° 1.13
3C-GaN 2.88x10° 1.19

Si 2.22x10% 1.20
diamond 3.55¢10* 1.167
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