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This is the first report on the experimental results using the precise determination proposed in our previous papers. By
means of this analysis, the concentrations and energy levels of dopants in a semiconductor can be uniquely determined using the
temperature dependenc€rl ) of the majority-carrier concentration obtained experimentally from the Hall-effect measurement.

In other words, the concentration and energy level of each dopant can be evaluated using the corresponding peak value and
temperature oh(T)/KT. In nitrogen (N)-doped 4H-SiC, the concentration and energy level of the shallow donad&re 6

10" cm3 andEc — 0.0653 eV, respectively, and those of the deep donor &4310' cm~3 andE¢ — 0.124 eV, respectively,

whereEc is the bottom of the conduction band. The acceptor concentratioridsx610* cm~3. These obtained values are

found to be quite reliable.

KEYWORDS: evaluation of dopants, Hall-effect measurement, SiC, 4H-SiC, majority-carrier concentration, temperature depen-
dence, donor concentration, donor level, acceptor concentration, graphical approach

) determined.
1. Introduction

An accurate evaluation of the concentrations and enerdy 1 heoretical Consideration

levels of dopants in a semiconductor is essential. In order toLet us considen types of donors (concentratiddp; and
determine these concentrations and energy levels, the temparergy levelAEp; for 1 < i < n) and one type of acceptor
ature dependence of the majority-carrier concentratidn)  (concentrationNp), where AEp; is measured from the bot-
is usually measured. Although these values are usually dem of the conduction bande¢) andAEp;i 1 > AEp;. From
termined using the In(T) — 1/ T curve, this analysis cannot the electrical neutrality condition, the free electron concentra-
be applied in the case of semiconductors with more than twimn n(T) is given by’

types of dopants or compensated semiconductors. Moreover, n

it is difficult to obtain reliable values by fitting a curve to the nT) = Z Npi [1— f (AEpi)] — Na, 2
experimental data on(T), since many curve-fitting parame- i=1

ters must be determined at the same time. Though Hoffmamrhere

proposed a differential evaluation ofT),? the differentia- 1 3)

tion of the experimental data results in an increase in observed f(AEo) = 1 AEF — AEpi\
errors. 1+ —exp| — ——

One of the authors has proposed the precise determination kT
without the differentiation ofi(T).2~> In this analysis, a func- andAEkg is the Fermi level measured froBx. Using eq. (2),

tion S(T, Eep) is defined as S(T, Eef) can be rewritten as
n(T) Emf n f P —
S(T, Eyep) = F exp(F) s (1) S(T, Eref) = % exp(— AEDII(T Eref) F (T)
wherek is the Boltzmann constant arf,e; is a parame- =1
ter. S(T, E,e) has peaks corresponding to each dopant level. _ % ex (E) 4)
From each peak value and peak temperature, the concentra- KT KT
tion and energy level of the corresponding dopant can be agith
curately determined. Even when a peak does not appear in
the measurement temperatures withs = 0eV, the peak AEr
temperature of5(T, E,) can be shifted to the range of the exp(w>
measurement temperatures by chanding Fi(T) = . (5)
4H-SiC has been regarded as a promising semiconduc- 2+exp<AEF_ AEDi)
tor for power electronic applications owing to its excellent KT

physical propertie&® When a nitrogen (N) atom is put into The term

4H-SIiC, the atom can be located either at a cubic site or Nis AEn — E

at a hexagonal site in 4H-SiC, indicating that two types of b exp(_M) (6)
donors with different energy levels are produced. Therefore, kT kT

N-doped 4H-SiC is a good material for testing our proposei eq. (4) has a peak value blb; exp(—1) /K Tpeak at Tpeak =
analysis. Using the experimental data on N-doped 4H-SICAEp; — Erep)/k. Although Tpea is shifted to a lower tem-
the concentrations and energy levels of donors are uniquedgrature due to the temperature dependenég(df), we can
easily determiné\p; andA Ep; from the corresponding peak
*Web site: http://www.osakac.ac.jp/labs/matsuura/ value and temperature using a personal computer.
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indicating that eq. (2) can be approximately expressed as

4H-SiC was grown by chemical vapor deposition using N(T) = (No1 = Na) + Noz [1 = F(AEp2)].  (9)
gases of 1% Sildand 1% GHg diluted with H, at 1560C and Therefore S(T, Ee) is approximately expressed as

3. Experimental

760 Torr. After Zﬂm-thic_k p-type 4H-SiC was grown onto a T B~ N 1 AEpy — Eres ET
4H-SiC substrate (off-orientation of abouitffom {0001} to- S(T, Erer) >~ Np2 - kT SXPL— KT 2(T)
ward (1120)) prepared by a sublimation method .®n-thick

n-type 4H-SiC was grown using a doping gas oj NFor + (Np1 — Na) - iexp(@> ) (10)
the growth of the n-type layer, the flow rates of $il€sHs, KT kT

N, and H were 030 sccm, ®0sccm, 5 x 102sccm and  In order to reduce the number of unknown parameters
3.0sIm, respectively. The details were reported in the preyiAEp,, Np, and Np; — Na)] to two [AEp, and (Np; —

ous paper§:® Na)/Np2], the following function is introduced as
4. Results and Discussion YL(T, Eref) = ST, Eret) (11)
Open circles in Fig. 1 represent the datargit) obtained Noa
experimentally from the Hall-effect measurement. In the fig- ~ i <_AED2 _ Eref) Fo(T)
ure, the solid line represents the datangi) interpolated by kT kT
the cubic smoothing natural spline function using the experi- Np1 — Na 1 Eef
tal data. The broken line represente calculated using — = —=). (12
men ' F Noz KT KT
AEE=kTlIn [ N(EEI?;)} , (7) Todetermine two values af Ep, and(Np; — Na)/Np2 using
n

eq. (12), two temperature values are required. Besigaes,
whereN¢(T) is the effective density of states in the condudherefore,Tg, is introduced as the lower temperature at which

tion band for 4H-SiC, which is given By the ratioYA(T, Erer)/ Y1(Tpeaka Erer) has a value oR (i.e.,
Ne(T) = 2.71 x 105732 cm 3. g 0= R<1),where
YL(T, E ST, E
The solid line in Fig. 2 shows(T, 0) calculated using T T( i reEf) =5 T( ’ fg) . (13)
the solid line in Fig. 1. One peak appeared around 320K, (Tpeaka Erer) (Tpeaka Erer)

while one shoulder appeared around 120K. Therefore, latthe solid line of Fig. 2, the shoulder appears around 120K,
least, there exist two types (shallow and deep) of donorssnggesting that this shoulder results from a shallow donor.
this 4H-SiC. Here, the peak temperatures correspondingWithen determining the deep donor concentration and its en-
the shallow and deep donors are denotedfayiandTpeaka  €rgy level, we should seledir, from the temperatures at
respectively. which f(AEp;) >~ 0 (i.e., the temperature higher than the
First we evaluate the deep donor using the solid line tamperature at which the shoulder appears). When we se-
Fig. 2. The peak valu&(Tpeakz 0) and temperaturdpeake  lect Tro = 250K, the value oR is 0.886. Using a personal
are 104 x 108 cm=3eVv-! and 319K, respectively. Whencomputer, we can determimeEp, and(Np; — Na)/Np, that
the absolute values chEp; — AEp; for i # 2 are large, maximizeY1(T, 0) at Tpeake@nd makey 1(T, 0) 88.6% of the
f(AEp1) ~ O and f(AEp) >~ 1 fori > 3 aroundTpeaka

I T I T I T
: , : : , . 0.3 10k 4
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Fig. 1. Temperature dependence of electron concentration and Fermi level

in N-doped 4H-SiC. The open circles represent the experime(fal and Fig. 2. Experimenta8(T, 0) obtained using eq. (1) ar®(T, 0) simulated

the solid line representy(T) interpolated by the spline function using the using eq. (10). The solid and broken lines represent experimental and sim-
experimental data. The broken line represents the temperature dependencéatedS(T, 0), respectively. Shoulder and Peak?2 correspond to the effects
of the Fermi level. of the shallow and deep donors 8(T, 0), respectively.



Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 1, No. 7A HAWBUURA et al. 4015

maximum value aflrz in eq. (12). UsingTpeakz = 319K, 4 T . I ; I ;
Tro = 250K andR = 0.886, the values ofAEp, and
(Np1 — Na)/Np2 are determined to be.I24 eV and (186, L
respectively. The value of1(Tpeaka 0) is calculated from eq.
(12) with the obtained values. From eq. (1Np; is esti- 3F
mated to be D4 x 10 cm~2 using S(Tpeaka 0) = 1.04 x
108 cm—3eV-1. Since(Np1 — Na)/Np;y is 0.186, the value
of Np1 — N, is evaluated to be.B6 x 10> cm3.

S2(T,0) [x168” cmieVY

In the above determination, only the selectionT@f is 2L i
ambiguous. When we seletk, = 200K, the value ofR
is 0.651. In this caseAEp, and Np, are determined to be L _
0.123eV and 7 x 10%cm3, respectively. The differ-
ence betweem\Ep; for two Tg, (200K and 250K) is only 1k : Experimental data _|
0.001 eV and the difference betweslp, for two Tr, is only Lo T : Simulated S2(T,0)
3 x 10 cm~3. Therefore, as long as we seldgb from the i ﬁED§204g§i’gs c?n\-/3 |
temperatures at which all the shallow donors are considered N21=6'.14x163 cm®
to be ionized, we can obtain reliable results. 0 1 . 1 . 1 .

The broken line in Fig. 2 i§(T, 0) simulated using eqg. (10) 100 200 300 400
with the obtained values. The broken line coincides with the Temperature [K]

solid line aroundTpeaka While it does not coincide with the rig 3 Experimentas2(T, 0) obtained using eq. (14) ar&(T, 0) simu-
solid line at low temperatures. This disagreement at low tem-lated using eq. (15). Peakl corresponds to the effect of the shallow donor
peratures results from the wrong assumptiofi @A Ep;) = 0 on S(T, 0).
at these low temperatures.

The dashed-dotted line in Fig. 2, which &T, 0) simu-
lated using(Np; — Na) = 0cnt3, represent$§(T, 0) owing ' ' ' ' ' ]
to the deep donor without the effect of thleallow donor and
the acceptor. Therefore, the difference betwiensolid line
and the dashed-dotted line representsattribution of the
shallow donor and the acceptor$6T, E,e). To evaluate the
shallow donor and the acceptor, a functiiat is not influ-
enced by the deep donor is introduced frem (4) as

S2(T, Erer) = S(T, Erer)

B Mex _ AEp2 — Eref
kT kT

106

) Fa(T) (1)

: Experimental data
— : Simulated n(T)

Electron Concentration [cf)

Np1 AEp1 — Evef AE,=0.0653 eV
=~ KT exp(_Tre) Fi(T) 10 | NDlD=16.45x1(35 cm® _
C AED2:0.124(36 ev. 1
Na Eret C Np,=3.04x10° cmi
——exp|l — . 15 N, =6.14x16° cm’®
KT p(kT) 4o L e ®
The solid line in Fig. 3 represents the experimental 5 %O 15
S2(T, 0) estimated using eq. (14)S2(Tpeaks 0) and Tpeakt 1000/T [K7]

are 365 x 10 cm eVt and 154K, respectively, andl is  Fig. 4. Temperature dependence of electron concentration (open circle: ex-

0.251 whenTg; = 80.1K. In the same manner of the deep perimentah(T) and solid line:n(T) simulated with results determined by

donor determinations Ep; andNa /Np; are determined tobe ~ °Ur a1aysis).

0.0653 eV and %2 x 1073, respectively. TheniNp; andNa

are determined to be4b x 10°cm=23 and 614 x 103 cm=3,  Then,n(T), which is shown in the solid line of Fig. 4, is cal-

respectively. culated using eg. (17) and the obtain®fe. In the figure, the
The broken line in Fig. 3 iS2(T, 0) simulated using eq. open circles represent the experimem@l ). The simulated

(15) with the obtained value\Epi, Np1, Na). The broken n(T) is quantitatively in very good agreement with the ex-

line coincides with the solid line very well, indicating thatperimentaln(T). Since two donor levels of N in 4H-SiC are

there are no more donors in this 4H-SiC. reported to be 45-66 meV and 92-124 néVY the donor
Let us simulaten(T) using the obtained values. The tem-evels obtained here are reliable.

perature dependence AfEr is recalculated using the follow-

ing two equations: 5. Comparison with Other Analyses
n(T) = Nps [1_ f(A Em)] + Np3 [1_ f(A Eoz)] —Na 5.1 Graphical method usirig.n(_T) —1/T curve .
(16) Inthen(T) — 1/ T characteristics, the donor concentration
and is equal ton(T) in the saturation regiofl. The donor level
N is evaluated from the slope of therdGT) — 1/T curve in
N(T) = Nc(T) exp(— W) . (17) the freeze-out region, becaus€T ) in this region is approxi-
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mately proportional t3 ing to thei-th maximum. The ordinate of theth maximum
AEn equalsNp; /4.
exp(— 2k'll?l ) (18) When the —kT[dn(T)/dAEg] vs AEF was calculated

using the experimentah(T), it was quite difficult to de-
The experimental In(T) — 1/T curve is shown as the termine AEp; and Np; because of a large fluctuation of
open circles in Fig. 4. Since there are no clear saturation rekT[dn(T)/dAEg]. When the curve was calculated us-
gions in Fig. 4, it is difficult to determine the donor concening the data om(T) that were interpolated using the cubic
trations. From the range.® K1 < 1000/ T < 13.0K~!, smoothing natural spline function, the values/®Ep; and
AEp; is calculated to be .0693 eV, while from the range Np; were evaluated to be@14 eV and ®0x 10'° cm3, re-
424K1 < 1000/ T < 559K™1, AEp; is estimated to be spectively, and\ Ep, andNp, were estimated to be D15 eV
0.0901 eV. In this analysis, it is also difficult to determine theand 283 x 10 cm3, respectively. However, the acceptor
acceptor concentration. In our analysis, on the other hanthncentration cannot be evaluated by Hoffmann’s analysis at
the donor concentrations, the donor levels and the accep#dk On the other hand, since all the values that are necessary

concentration can be determined. to simulaten(T) can be determined by our analysis, the reli-
ability of the obtained values can be checked. Moreover, be-
5.2 Curve-fitting method cause the data amT) are differentiated in Hoffmann’s anal-

When the values oA Ep;j, Np; and N, are determined by ysis, donor concentrations and donor levels are apt to depend
fitting a curve to the experimental data for thé€T) — 1/T  on the type of interpolation function. In our analysis where
curve, it is necessary to determine how many types of dondfse data are not differentiated, however, these are much less
exist in the semiconductor before the curve-fitting procedugependent on the type of interpolation function.
is carried out. Therefore, it is difficult to apply this analysis
when we do not know how many types of donors exist ther§; Summary
Moreover, because so many curve-fitting parameters are deThe graphical method to uniquely determine the concen-
termined at the same time to fit a curve to the experimentahtions and energy levels of dopants in a semiconductor has
data, it is difficult to evaluate the concentrations and enerdyeen discussed theoretically. Using @) of N-doped 4H-
levels accurately. In our analysis, on the other hand, ea8iC, for the first time, we have experimentally elucidated the
donor level can be determined using the corresponding peatiability and accuracy of our analysis in comparison with
temperature, and each donor concentration can be estimabéier analyses.
using the corresponding peak value.
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as a function of 9) S.M. SzePhysics of Semiconductor Devid@liley, New York, 1981)
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AEpi + kT In2, whereT,, is the temperature correspond-



