Elektrotehniski vestnik 75(3): 97-104, 2008
Electrotechnical Review: Ljubljana, Slovenija

Comparison of current-voltage characteristics for lypothetic Si
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Abstract. The paper presents a model developed for numesicalilation of temperature dependence of a
hypothetical Si and SiC diode and BJT current-g#taharacteristics. A classical Si PN wide-baselelimodel
and an E-M BJT model are used with SiC semicondspecific parameters. Intrinsic carrier concefntre,
carrier mobility temperature and doping concentratilependence are calculated for both semiconducidre
obtained current-voltage characteristics are coatpand their temperature dependence is discussbyp@thetic
SiC PN diode has a much higher knee voltage andtlerwextrinsic or operating temperature range, taedsame
applies to SiC BJT, which altogether makes SiC aksvimore appropriate for high-temperature and pigher
applications.
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Primerjava tokovno-napetostne karakteristike hipoteiénih Siin SiC
bipolarnih transistorjev

Povzetek.Prispevek predstavija razvoj modela za nutmeri  only form of SiC with a cubic crystal structure 3€-

simulacijo temperaturne odvisnosti hipatag Si in SiC diode q; = _
ter tokovno-napetostne karakteristike bipolarnegasistorja. SiC, also known ag-SiC. The other two polytypes, 4H

Uporabljen je klagini Si PN model diode in Ebers-Mollov SIC and 6H-SIiC, are two of many possible SiC
model transistorja s spedifimi parametri polprevodnika SiC. polytypes with a hexagonal crystal structure [2].
Za oba polprevodnika smo izunali intrinzine koncentracije  prototypes of SiC bipolar junction transistors (B3fill

nosilcev, temperaturno mobilnost in vpliv koncenija e ; : . .
dopiranja. Naredili smo primerjavo dobljenih tokevn €Xhibit poor gains, but improvements in SiC crystal

napetostnih  karakteristik in temperaturnih  odvosinos growth and surface passivation will greatly impr@&i€
Hipoteticna SiC PN dioda ima precej visjo kolensko napeto®JT gain and make SiC bipolar devices a more viable
in SirSe temperaturno obije, podobno velja tudi za SiC technology [2]. Thereby, it seems valuable to de th
bipolarni transistor. TakSna elementa sta primeaaporabo - ’ L

pri visokih temperaturah in nseh. comparison of current-voltage characteristics of

hypothetic Si and SiC BJTs, especially concernirairt
Klju &ne besede: silicijev karbid, PN dioda, bipolarni gperating temperature ranges.
transistor, temperaturna karatkeristika, Ebers-tdothodel The basic idea behind this work is shown in Figure

1., where assumption is made that models develfiped

Si PN diode and BJT can be used as the first-order

1 Introduction models of SiC devices, by simply introducing SiC-

Silicon carbide (SiC) is a wide energy band-ga| p_ecmc semiconductor _parameterEG,( M, ”“vP(N’-D).‘.

semiconductor. It has been developed for the use ith the same geometric parameters for hypothetic S
and SiC  devices, resulting  voltage-current

high-temperature,  high-power or high-radiation 7 . .
conditions under which conventional semicon-du<;tor§:har"’wter's'“cS for the SiC PN diode and BJT can be

such as silicon (Si), cannot function. SiC can seduas Comp"?“e" to their _Si_count_erparts. The comp_ari_icﬁii 0
a material for high-temperature operating (650 §&a3 and S'C charac@enstms points out why the S'OJEhSi.
sensors as well as for pressure sensors aREPMising semiconductor in high-temperature, high-

accelerometers for automotive and space indus.tRp\’\_'l_E‘;]r andth|gh]-‘rat;jlapon appltl_catlor}s. intrinsi .
applications using micro-electromechanical systems et Sf.s 0 gsm equa |orE’s.|.t.or |nfr|g§|c ((:jarg%
(MEMS) [1]. Silicon carbide comes in a variety pfeoncentrations and carrer mobiliies ot St an !

crystal structures called polytypes. Each SiC yplgt semiconductors are described in Section Il. Sedfiion
has its own distinct set of electronic propertiBasic presents mathematical models of Si and SiC PN djode

; o o o imulated voltage-current characteristics and their
SIC polytypes are 3C-SIC, 4H-SIC and 6H-SIC. Th emperature dependence. In Section IV basic equatio
of the Ebers-Moll model of the Si and the SiC BJ& a
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current characteristics are discussed. Some canglud
remarks are given in Section V. Eo(T)=1175-9.025107°T - 305107 T? . (2)

The relationship between intrinsic carrier concatidn

f;:c‘igcnd“m’ and temperature for SiC is given in [6] as:
parateters FM DIODE Is — \/7 Es(M
n =N (T)Ny (T) expg - ——+ , 3
non = VRN, e - S0 ©
I:l/ ::> whereNq(T) andNy(T) are effective densities of states
B, i iag E-MEBIT azay Is Jp 1N conduction and valence band, respectively:
d 3
Fi ) . . . _f2mkT)2 (T )2 4
igure 1. Basic PN diode and Ebers-Moll bipolarcfiion Ne(T)=2 =% =|——|"N(300 “4)
transistor model for SiC semiconductor h 300
2 Electrical properties of Si and SiC ot KT 3 3
semiconductor materials Ny (T):Z[ ”;1“2 ] :(%JZNV (300 - (B

DTEUE . : n Eq. (4) and Eq. (5)n andm, stand for effective
temperature and power limitations in semiconduct a. (4) a. (S T S v

! Lo . “~1pass of electron and hole, respectively, @ni the
device application. Table 1 shows basic electric lanck's constant.)
properties of contemporary semiconductor matefigls Temperature dependence of the SiC band-gap is
[2], [4], [5]. From the table it can be deducedtthasic iven b ; .

. X . . y the following equation:

properties of SiC are desirable for h|gh-poweF1 5
electronic-device operation. E(T) = Es (300)+ 300 _ T . ®)

Because of the wide energy band-gap, SiC electronic ¢ ¢ 300+b T+b
devices can operate at extremely high temperatures
W.ithOUt suffering from ir_‘tfi“SiC conduction effedf/ith Table 2. Intrinsic carrier concentration paramefersSiC
higher thermal conductivity than any metal and aino (T = 300K)
seven times greater electrical breakdown fieldnsite 4H-SiC
than Si or GaAs, SiC can operate at extremely-high = 1 10
power levels and dissipate a large amount of exoeat mcgggg gmg é?‘g*igg
generated, and SiC electronic devices can be used i EV 300) &V : 326
high-voltage and high-power applications [3]. 5(300) € :

Properties of a semiconductor material induci‘

a 5.41*10"
Table 1. Properties of some semiconductor materials b 0
(T =300 K)
Si GaAs 4H-SiC Table 2 shows the effective density of states i@ Si

Eo(eV) 11 1.4 3.26 conductiop and valence band at room temperatur@ (30

p 118 128 10 K), the SiC energy band-gap at room temperature, as
E (M\;/cm) 03 04 55 well asa andb constants for Eq.(6).

c - . . MATLAB® is used for calculation of temperature
Vsaf 10'C/S) 1 2 2 dependence of intrinsic carrier concentration. Fég
Lh(cnt/Vs) 1430 8500 947 showsni(T) for both Si and SiC semiconductors. As it
Ho(CPIVS) 460 400 140 can be seen, intrinsic carrier concentratigi¥) for SiC
A(W/cmK) 15 0.5 5 remains under 28 cm®for temperatures over 600 K.

Lower intrinsic carrier concentration prevents SiC
2.1 Intrinsic carrier concentration suffering from intrinsic conduction effect, and migiins

) ) semiconductor electrical properties (extrinsic
_Th_e fl_md_amenFaI electric parameter Qf a semmon_:euiuc temperature range and consequently operating
is intrinsic carrier concentrationn;, which also defines temperature of the device) at much higher tempezatu
a high-temperature operating limit of the semicandu a1 conventional semiconductors such as Si or GaAs

device. The following equation describes tempeeatur,:igure 2 proves that SiC is good technology forhhig
dependence of intrinsic carrier concentration fidi6d temperature devices.

3
n =CT?2 ex;{—EG(T)] , (1)

Er
where C = 7.2.18° cm¥K3*? E; = kT/q, k is the
Boltzmann's constang, is the electron charge aid(T)
is the energy band-gap, for Si defined as:
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0 10" Table 4. Mobility constants in 4H-SiC
9r i
N
L 51 BiC 1 Hamins Hmax ret
’ CmZIVS CmZNS Cm'3 € d
T 1 n| o 947 | 1.94*18 | 0.61] -2.15
w2l 1 p| 159 | 124 | 1.76*18 [ 0.34] -2.15
o 5_ m
Sl 1 The Arora's model [1] is used for calculation of th
ol , effect of doping concentration and temperature on
| | carrier mobility in SiC. The low-field mobility igiven
by:
1+ i
%UD 360 460 SEIU BéD ?EIID 800 T dn‘ P
T K ,un,p = ﬂn,p,min(ﬁ)] +
Figur_e 2. Intrinsic carrier concentration for Sida8iC as a M p max T\ , (13)
function of temperature t——| ==
Ne + N, )& L300
1+ D A
2.2 Carrier mobility [ N, p,ref J

Two basic types of scattering affect carrier majaili

lattice and impurity scattering. Calculation of ar where constants for calculation of carrier mobility
mobility dependence on temperature and dopingH-SiC are shown in Table 4.

concentration in Si can be carried out by the foifg

equation [4]: =

- : 3000
i p(T) = i (1) + £imex D= Hoin @) 7)
14 N4+ Np 2500 -
[\ (M > 2000t
where Np and N, are the donor and acceptor iwm
concentrations; temperature dependence of mobili
constants are defined by the following equatiois [5 100
2
Hnmax = Hn max (300 )E(?’Tﬂj ’ (8) sor
218 %DD 360 460 560 660 760 800 00 1000
300\ TE
H p.max = ﬂp,max (300)%?] ’ (9) a)
3500 T T T T
045
300 L
/un,p min =/Un,p min (300)4?J ! (10) 30
2500
-3.2
N ref (T ) =N ref (300)E(3Tﬂj ! (11)
-0.065
c(T)= c(SOO)Eéiﬂj , (12)

and room-temperature constants for calculation ¢
carrier mobility in silicon are given in Table 3.

0 1 n
200 300 400 500 600 700 800 ) 1000

T K
Table 3. Mobility constants for Si @t= 300 K b)
Hmins Hmax Figure 3. Temperature dependence of mobjlify) for a) Si
cnt/ etV Nief, Crri° ¢ | andb)SsiCc
Vs S
Figure 3. shows electron and hole mobility for imgic
n 80 1430 112719 0.72| g (a) and SiC (b) as a function of temperatu(e).
p 45 460 223*1Y 0.72| Mobility of electrons and holes in SiC, &t= 300 K, is

two/four times lower than the mobility of
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electrons/holes in a Si semiconductor. The maisaea For PN diodes whose electron and hole effective

for that is the structure of SiC, which has 50 % ofliffusion lengthsL, andL, are much shorter thaw,

carbon atoms that decrease carrier mobility. andWj sides of a diode (wide-base PN diodes), reverse
Variation of electron and hole carrier mobilitysaturation current is equal to:

HU(Np,N)) with  donor and acceptor doping noD,  ProD
concentrations at room temperature (300 K) is shimwn ls=q P + P , (15)
Figure 4. Impurity scattering increases with higher Ln Lo

doping concentrations whereas mobility decreases

appropriately. Hole concentration in SiC is veryaim where ny, and p, are equilibrium minority carrier

and its mobility is not very much impacted by theconcentrations of P and N sidés,andL, are electron

increase in doping acceptors. and hole effective diffusion length$), and D, are

2.3 1-U characteristic of hypothetic wide-base Si electron and hole diffusion coefficients, afdis the
and SiC PN diode cross-sectional area of the junction.

. . ) According to the mass action law, minority carrier
A current-voltage characteristic of an ideal PNcpion )\~ \trations can be expressed by:

is described by a well-known Shockley's equation, 5
where |5 stands for reverse saturation current in a PN Moo = n; (16)
junction,U is diode voltage and+ is voltage equivalent P Ppo '
of temperaturel(T/q):
U 2
| = I{exr{—}—l} , =N
U Po=7"7"7 . a7
T Nno
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Figure 4. Carrier mobility dependence on doping
concentrations for a) Si and b) SiCTat 300 K.

wherepy = Na andngg = Np, for Ny >> ny andNp >> ny,
and all dopands are ionized. Reverse saturatiorermur
of a diode can be now rewritten as:

D D
ls=qS n_4 P 17
s=4 rf[NALn NDLp] . oan

and diffusion lengths substituted by:
Ln,p = Dn,prn,p ) (18)

whereasr, andz, are electron and hole lifetimes. For
diffusion coefficients calculated from Einsteinatbn
(Dnp= HnpU7), the reverse saturation current of a diode
finally becomes equal to:

Is =qufﬂ[,\i\E+Nl[)\//?p] . )
n P

Equation (19) is now prepared for calculation dPld
diode reverse saturation current using known SiC
specific parametersn(Eg,T) and p, (N, T)). Figure 5
shows MATLAB®-simulated  forward-bias 1-U
characteristics of hypothetic Si and SiC wide-bBdé
diodes with equal P-side and N-side doping
concentrationdNa = Np = 10° cm®, electron and hole
lifetimes of minority carriers presumed to be= 1, =
100 ns, and the cross-sectional area of the jum&to 1
mn¥, for temperature span from 250 to 350 K. In this
figure I-U characteristic of the SiC diode at 600 K is
also shown. Table 5 shows reverse saturation dukgen
and knee-voltag,for Si and SiC, at = 300 K.
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Table 5. Reverse saturation current and knee-volag
Si and SiC, aT = 300 K

)IOdE 3 l S A UO! V
5i 9.4810% 0.50
5iC 7.9210% 2.25

Comparison of forward-biaskU characteristics of the

EG +3k7T

)t

v
AT

(

where Eg. (20) describes the relative temperature
coefficient of reverse saturation current, Eq. (2the
temperature coefficient of forward-biased curreot f

T (22)

hypothetic Si and SiC PN diode models at equaliode constant voltage, and Eq. (22) the tempegatur
temperatures reveals that a SiC diode has almeast ficoefficient of forward-biased voltage for diode stamt

times higher knesoltageU,. This is the outcome of a

very wide energy band-gap, and therefore, very Isma

reverse saturation current of a SiC diode. Rever
saturation current values of a SiC diode becomdasim
to Si diode values only at higher temperaturesuado
600 K). At these temperatures the knee voltage al
lowers, but the SiC diode still retainss rectifier
capabilities, providing therefore a much wider insic
or operating temperature range of SiC devices
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Figure 5. Forward-bias current-voltage characierisof
hypothetic Si and SiC PN diode as a function ofterature
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Figure 6 displays a) reverse saturation currerfidbr

<
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temperatures of 300 K and 301 K, and b) reverse

saturation current of a SiC diode for the sam

Eigure 6. Reverse saturation current of a) Si gn8liG diode

temperatures. Temperature coefficient of the reverdttémperatures 300 K and 301 K, respectively

saturation current is positive and approximatelyo tw
times higher for a SiC than for a Si diode.
Temperature dependence of the PN diode can
described by the following equations:
Als Es

7)o

el /_ KT
I T

j = I_(3 + —EG qU
U =const T KT

A
AT

(

All temperature coefficients can be determined rnf

E&- (20) through (22), or B) from Shockley's ecoiati
(14). Calculation for forward-biased diodes wagiedr

out at T = 300 K, for forward-bias diode currentd &

1 mA, and at diode voltagés= 0.537 V for Si andl) =
2.268 V for SIiC. Temperature coefficient values
obtained in these two ways are shown altogether in
Table 6.

Table 6. Temperature coefficients lgf |, andU, for Si and
SiC diode aff = 300 K, calculated by A) Eq. (20) to (22), and
B) by Shockley equation (14).
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Temperature Si SiC Total emitter and collector currents are superjpmsiof

all four current components:
coefficients A B A B

Al -

( Sj/|s[K1] 0.15 0.18] 0.43 0.36

le = IES{ex;{—UEB] —1} -a, Ics[ex;{—UCB]—l} (27)
Us Us
at U U
- - ZEB |_1|- —-CB |_
(mj mAKY 078 09| 13 15 I —aNIES{ex;{ 0. j l} Ics{ex;{ 0. J 1} (28)

AT
(AUJ VK 5 5ol 34 -36 By Eq. (27) and (28) it is possible to derive input
AT ) —const and outputl-U characteristics of a bipolar junction

transistor. For CB configuration of NPN BJT, input
The difference in results is significant, becawsations characteristics are defined las= f(Ugg, Ucg):
(20) through (22) are obtained by assuming BatD,,

L,, and L, are temperature invariant, arfes(T) is U U
linearized in the vicinity ofT = 300 K, but they both lg = IES{eX[{—EB]—l}—aNIES{eX;{—CB]—l}
clearly show that the temperature change of SiC Ur Ur
characteristics is faster than that for a Si diode. (29)
4 Ebers-Moll model of bipolar junction and output characteristics &s= f(Ucs, 1¢):
transistor U
lc =aylg - ICBO{exp{—UCBJ—l} : (30)
T

In the Ebers-Moll model of an NPN bipolar junction
transistor (BJT) linear excess electron distribufiothe |\ 1o q-

base can be separated into components of normal angl | _(1_ aa )I
inverse direction. Total emitter and collector emts CBo ™~ IMNJTCS »
are combinations of emitter and collector currefois

both normal and inverse directionk len, len lcy)- andlcgg is reverse saturation current of a collector-base
Injection currenicomponentdey andlc, are defined by PN junction for the opened emitter-base PN junction
Shockley equation for emitter-base and collectaeba ~ Normal and inverse active-mode current gain

(1)

PN junctions: factors of NPN BJT in common-base configuration,
U and ay, depend on geometry and technology of the
len :IES[ex;{—EBJ—l} , (23) transistor as well as on Early effect. If we take t
T aforementioned into account, they can be expreased
a=py, (32)
lo = legl €XH - Ucs -1 , (24) Wwheref*is the base transport factor, apt the emitter
Ur injection efficiency. Their geometry and technology
where Igs is a reverse current of the emitter-basdependence can be approximated by:
junction for a shortened collector-base junctiod &3 . 1 (Waes 2
. _ . . =1-= , (33)
is a reverse current of the collector-base juncfama B 5l L
shortened emitter-base junction. Current collection ng
components are defined as:
1
U = , 34
lg =alg =a||cs{eXF{_UCTB]_1} . (29) 4 1+UBWBef 59
Oelpe

len =anlen =aN|ES|:eX’{_L;lJEB]_l:| . (26) where, Wgeis the effective base-width defined in Eq.
T (35), Lng andL e are diffusion length of electrons in the
base and holes in the emitter, respectively, endnd
where ay and g are normal and inverse active-modeg are specific conductivity of the base and the mit

current gain factors of NPN BJT in common-base (CBAssuming abrupt PN junction¥yse can be defined as
configuration. follows:
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2£(U U ) 1 1 Figure 8 shows output CB current-voltage

Wag :WB—\/M(—+—], (35) characteristics of hypothetic Si and SiC BJT which
q Na Np appear as a series of reverse saturation currevesof

a collector-base diode, displaced by increments
where W; is a technological base-width angk is a Proportional to the emitter current. The charastes

contact potential of the base-collector junction. are not flat in a normal active region, which is a
Calculations are carried out by MATLABfor a consequence of the Early effect. Voltagks, at which

hypothetic Si and SiC NPN bipolar junction trarmist collector currents become zero are more negati&an
with doping concentrationSpe = 10%° cm®, Nyg= 1017 than in Si, and absolute values of these voltages a

cm®, Noc = 10 cni®, base-widthWs = 5 pm, carrier @lmost equal to knee voltages of input charactesist
lifetimes in the emitter, the base and the colleegual (Table 7). With temperature increasées, voltages
to 100 ns, and equal cross-sectional areas of esmittbecame more positive, so CB output current-voltage
base and base-collector junctioSs £ S = 1 mnf). characteristics for higher temperatures shift &ortght.
Input current-voltage characteristics shown irufgg Current gaina for common-base configuration of a Si
7 are derived from the Ebers-Moll model for Si @i@  Pipolar junction transistor is higher than the doe a
NPN BJT in common-base configuration and calculategiC transistor, which can be seen in FigureTae
for two different temperatures (300 and 350 K). yhefeason for a highet in a Si transistor is an almost four
show consequently that a knee voltage for a SiGcdev times higheroele product for Si than for SiC, which
is higher than the one for Si (see also Figureop.Si affects the emitter injection efficiengyin Eq. (32).
and SiC diodes) and that both voltages decreage awit

x10°

temperature increase. 3
T L-1mA -
25F q
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0008}
aL |
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E 15 —
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Figure 7. Input CB current-voltage characteristicé
hypothetic a) Si and b) SiC NPN BJT Figure 8. Output CB current-voltage characterigtic a) Si
and b) SiC
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Table 7. VoltagedJcg(lc = 0), contact potentialslg, normal  Tomislav Matic was born in Osijek, Croatia, on October 24,
and inverse active-mode CB-current gams and a; for Si  1978. He received B.S. degree from Faculty of et

and SiC diode af = 300 K Engineering in Osijek on 2002. Currently he is stssit at
Department of Communications at Faculty of Eleetric
BJT | Ucg(lc=0), V | Uy, V o ay Engineering in Osijek, where he is working towarfD
: — degree in Communications. He's current researehests are
S! 0.65 0.75 | 0.4814] 0.955Q A/D conversion, sigma-delta A/D converters and FPGA
Sic -2.40 2.48 | 0.4694| 0.941% programming for communications applications.

Tomislav Svedekreceived BSc, MSc and PhD degrees form
Faculty of Electrical Engineering Zagreb, Univeysiof
Zagreb, Croatia. He joined Institute for Electranic
Physical properties such as high electric-fielérsgth, Telecommunications and Automation (IETA) RIZ Zagréb

high saturation-drift velocity and high thermal1975 as development engineer, PTT Project bueragreB in
5%980 as project leader, Electrotechnical Institofe Rade

5 Conclusion

conductivity place SiC in the center of the lates 3 o
. . - oncar, Department for design of Integrated Circuitd @86
semiconductor materials and devices research. rBet ASIC supenvisor, and Faculty of Electrical Ergifng,

thermal conductivity means reduction of SiC powergiversity of Osijek in 1993, as Full professor flectronic
device heat-sink size, leading to significant rewcof  circuits and Microelectronics. His scientific intsts are
the total size of the equipment (for example reatf design and testability of ASICs, microelectronic Bifcuits,
converters). and digital modulation methods.
Comparing simulation results for Si and SiC, it is

obvious that SiC is a more appropriate semiconduct$farijan Herceg was born in Osijek, Croatia, in 1978. He
material for realization of high-temperature anghhi received the B.S. degree in electrical engineefriog Faculty
power devices. Wide energy band-gap and low iriring® Electrical Engineering in Osijek, Croatia in 200He is
carrier concentration in SiC provides a much wid gurrently working towards Ph.D. degree in commutigra

L . . eénd informatics at the Faculty of Electrical Engirieg in
extrinsic or operating temperature range than in Sd)sijek, Croatia. He's research interests are aedhnc

Robust circuit designs that accommodate large &@®ngmodulation techniques like power efficient modwdas for
in device operating parameters with temperaturebeil ultra-wide band (UWB) and FPGA programming for
necessary for circuits to function successfullyrottee  communications applications.

very wide temperature ranges enabled by SiC.
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