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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 dependencen(T) 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 ofn(T)/kT. In nitrogen (N)-doped 4H-SiC, the concentration and energy level of the shallow donor are 6.45×
1015 cm−3 andEC−0.0653 eV, respectively, and those of the deep donor are 3.04×1016 cm−3 andEC−0.124 eV, respectively,
whereEC is the bottom of the conduction band. The acceptor concentration is 6.14× 1013 cm−3. These obtained values are
found to be quite reliable.
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1. Introduction

An accurate evaluation of the concentrations and energy
levels of dopants in a semiconductor is essential. In order to
determine these concentrations and energy levels, the temper-
ature dependence of the majority-carrier concentrationn(T)
is usually measured. Although these values are usually de-
termined using the lnn(T)− 1/T curve, this analysis cannot
be applied in the case of semiconductors with more than two
types of dopants or compensated semiconductors. Moreover,
it is difficult to obtain reliable values by fitting a curve to the
experimental data onn(T), since many curve-fitting parame-
ters must be determined at the same time. Though Hoffmann
proposed a differential evaluation ofn(T),1) the differentia-
tion of the experimental data results in an increase in observed
errors.

One of the authors has proposed the precise determination
without the differentiation ofn(T).2–5) In this analysis, a func-
tion S(T, Eref) is defined as

S(T, Eref) ≡ n(T)

kT
exp

(
Eref

kT

)
, (1)

where k is the Boltzmann constant andEref is a parame-
ter. S(T, Eref) has peaks corresponding to each dopant level.
From each peak value and peak temperature, the concentra-
tion and energy level of the corresponding dopant can be ac-
curately determined. Even when a peak does not appear in
the measurement temperatures withEref = 0 eV, the peak
temperature ofS(T, Eref) can be shifted to the range of the
measurement temperatures by changingEref.

4H-SiC has been regarded as a promising semiconduc-
tor for power electronic applications owing to its excellent
physical properties.6–8) When a nitrogen (N) atom is put into
4H-SiC, the atom can be located either at a cubic site or
at a hexagonal site in 4H-SiC, indicating that two types of
donors with different energy levels are produced. Therefore,
N-doped 4H-SiC is a good material for testing our proposed
analysis. Using the experimental data on N-doped 4H-SiC,
the concentrations and energy levels of donors are uniquely

Fi (T) =
exp

(
1EF

kT

)

2+ exp

(
1EF −1EDi

kT

) . (5)

NDi

kT
exp

(
−1EDi − Eref

kT

)
(6)

in eq. (4) has a peak value ofNDi exp(−1)/kTpeaki at Tpeaki =
(1EDi − Eref)/k. AlthoughTpeaki is shifted to a lower tem-
perature due to the temperature dependence ofFi (T), we can
easily determineNDi and1EDi from the corresponding peak
value and temperature using a personal computer.

with

The term

determined.

2. Theoretical Consideration

Let us considern types of donors (concentrationNDi and
energy level1EDi for 1 ≤ i ≤ n) and one type of acceptor
(concentrationNA), where1EDi is measured from the bot-
tom of the conduction band (EC) and1EDi+1 > 1EDi . From
the electrical neutrality condition, the free electron concentra-
tion n(T) is given by9)

n(T) =
n∑

i=1

NDi
[
1− f (1EDi )

]− NA, (2)

where

f (1EDi ) = 1

1+ 1

2
exp

(
1EF −1EDi

kT

) , (3)

and1EF is the Fermi level measured fromEC. Using eq. (2),
S(T, Eref) can be rewritten as

S(T, Eref) =
n∑

i=1

NDi

kT
exp

(
−1EDi − Eref

kT

)
Fi (T)

− NA

kT
exp

(
Eref

kT

)
(4)



3. Experimental

4H-SiC was grown by chemical vapor deposition using
gases of 1% SiH4 and 1% C3H8 diluted with H2 at 1560◦C and
760 Torr. After 2-µm-thick p-type 4H-SiC was grown onto a
4H-SiC substrate (off-orientation of about 5◦ from {0001} to-
ward〈112̄0〉) prepared by a sublimation method, 5-µm-thick
n-type 4H-SiC was grown using a doping gas of N2. For
the growth of the n-type layer, the flow rates of SiH4, C3H8,
N2 and H2 were 0.30 sccm, 0.20 sccm, 2.5× 10−2 sccm and
3.0 slm, respectively. The details were reported in the previ-
ous papers.6–8)

4. Results and Discussion

Open circles in Fig. 1 represent the data onn(T) obtained
experimentally from the Hall-effect measurement. In the fig-
ure, the solid line represents the data onn(T) interpolated by
the cubic smoothing natural spline function using the experi-
mental data. The broken line represents1EF calculated using

1EF = kT ln

[
NC(T)

n(T)

]
, (7)

whereNC(T) is the effective density of states in the conduc-
tion band for 4H-SiC, which is given by7)

NC(T) = 2.71× 1015T3/2 cm−3. (8)

The solid line in Fig. 2 showsS(T, 0) calculated using
the solid line in Fig. 1. One peak appeared around 320 K,
while one shoulder appeared around 120 K. Therefore, at
least, there exist two types (shallow and deep) of donors in
this 4H-SiC. Here, the peak temperatures corresponding to
the shallow and deep donors are denoted byTpeak1andTpeak2,
respectively.

First we evaluate the deep donor using the solid line in
Fig. 2. The peak valueS(Tpeak2, 0) and temperatureTpeak2

are 1.04× 1018 cm−3eV−1 and 319 K, respectively. When
the absolute values of1EDi − 1ED2 for i 6= 2 are large,
f (1ED1) ' 0 and f (1EDi ) ' 1 for i ≥ 3 aroundTpeak2,
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indicating that eq. (2) can be approximately expressed as

n(T) ' (ND1 − NA)+ ND2
[
1− f (1ED2)

]
. (9)

Therefore,S(T, Eref) is approximately expressed as

In the solid line of Fig. 2, the shoulder appears around 120 K,
suggesting that this shoulder results from a shallow donor.
When determining the deep donor concentration and its en-
ergy level, we should selectTR2 from the temperatures at
which f (1ED1) ' 0 (i.e., the temperature higher than the
temperature at which the shoulder appears). When we se-
lect TR2 = 250 K, the value ofR is 0.886. Using a personal
computer, we can determine1ED2 and(ND1− NA)/ND2 that
maximizeY1(T, 0) at Tpeak2and makeY1(T, 0) 88.6% of the

Y1(T, Eref)

Y1(Tpeak2, Eref)
= S(T, Eref)

S(Tpeak2, Eref)
. (13)

S(T, Eref) ' ND2 · 1

kT
exp

(
−1ED2 − Eref

kT

)
F2(T)

+ (ND1− NA) · 1

kT
exp

(
Eref

kT

)
. (10)

In order to reduce the number of unknown parameters
[1ED2, ND2 and (ND1 − NA)] to two [1ED2 and (ND1 −
NA)/ND2], the following function is introduced as

Y1(T, Eref) ≡ S(T, Eref)

ND2
(11)

' 1

kT
exp

(
−1ED2 − Eref

kT

)
F2(T)

+ ND1− NA

ND2
· 1

kT
exp

(
Eref

kT

)
. (12)

To determine two values of1ED2 and(ND1−NA)/ND2 using
eq. (12), two temperature values are required. BesidesTpeak2,
therefore,TR2 is introduced as the lower temperature at which
the ratioY1(T, Eref)/Y1(Tpeak2, Eref) has a value ofR (i.e.,
0< R< 1), where
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Fig. 1. Temperature dependence of electron concentration and Fermi level
in N-doped 4H-SiC. The open circles represent the experimentaln(T), and
the solid line representsn(T) interpolated by the spline function using the
experimental data. The broken line represents the temperature dependence
of the Fermi level.
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Fig. 2. ExperimentalS(T,0) obtained using eq. (1) andS(T,0) simulated
using eq. (10). The solid and broken lines represent experimental and sim-
ulatedS(T,0), respectively. Shoulder and Peak2 correspond to the effects
of the shallow and deep donors onS(T,0), respectively.



Then,n(T), which is shown in the solid line of Fig. 4, is cal-
culated using eq. (17) and the obtained1EF. In the figure, the
open circles represent the experimentaln(T). The simulated
n(T) is quantitatively in very good agreement with the ex-
perimentaln(T). Since two donor levels of N in 4H-SiC are
reported to be 45–66 meV and 92–124 meV,10,11) the donor
levels obtained here are reliable.

5. Comparison with Other Analyses

5.1 Graphical method usingln n(T)− 1/T curve
In then(T)− 1/T characteristics, the donor concentration

is equal ton(T) in the saturation region.9) The donor level
is evaluated from the slope of the lnn(T) − 1/T curve in
the freeze-out region, becausen(T) in this region is approxi-
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Fig. 4. Temperature dependence of electron concentration (open circle: ex-
perimentaln(T) and solid line:n(T) simulated with results determined by
our analysis).

shallow donor and
the solid line

contribution of the
). To evaluate the
that is not influ-
eq. (4) as

ref
)

F2(T) (14))
F1(T)

(15)

maximum value atTR2 in eq. (12). UsingTpeak2 = 319 K,
TR2 = 250 K and R = 0.886, the values of1ED2 and
(ND1 − NA)/ND2 are determined to be 0.124 eV and 0.186,
respectively. The value ofY1(Tpeak2, 0) is calculated from eq.
(12) with the obtained values. From eq. (11),ND2 is esti-
mated to be 3.04× 1016 cm−3 using S(Tpeak2, 0) = 1.04×
1018 cm−3eV−1. Since(ND1 − NA)/ND2 is 0.186, the value
of ND1− NA is evaluated to be 5.66× 1015 cm−3.

In the above determination, only the selection ofTR2 is
ambiguous. When we selectTR2 = 200 K, the value ofR
is 0.651. In this case,1ED2 and ND2 are determined to be
0.123 eV and 3.07 × 1016 cm−3, respectively. The differ-
ence between1ED2 for two TR2 (200 K and 250 K) is only
0.001 eV and the difference betweenND2 for two TR2 is only
3× 1014 cm−3. Therefore, as long as we selectTR2 from the
temperatures at which all the shallow donors are considered
to be ionized, we can obtain reliable results.

The broken line in Fig. 2 isS(T, 0) simulated using eq. (10)
with the obtained values. The broken line coincides with the
solid line aroundTpeak2, while it does not coincide with the
solid line at low temperatures. This disagreement at low tem-
peratures results from the wrong assumption off (1ED1) = 0
at these low temperatures.

The dashed-dotted line in Fig. 2, which isS(T, 0) simu-
lated using(ND1 − NA) = 0 cm−3, representsS(T, 0) owing
to the deep donor without the effect of the
the acceptor. Therefore, the difference between
and the dashed-dotted line represents the
shallow donor and the acceptor toS(T, Eref

shallow donor and the acceptor, a function
enced by the deep donor is introduced from

S2(T, Eref) ≡ S(T, Eref)

− ND2

kT
exp

(
−1ED2− E

kT

' ND1

kT
exp

(
−1ED1 − Eref

kT

− NA

kT
exp

Eref

kT
.

( )

n(T) = ND1
[
1− f (1ED1)

]+ ND2
[
1− f (1ED2)

]− NA

(16)

The solid line in Fig. 3 represents the experimental
S2(T, 0) estimated using eq. (14).S2(Tpeak1, 0) and Tpeak1

are 3.65× 1017 cm−3eV−1 and 154 K, respectively, andR is
0.251 whenTR1 = 80.1 K. In the same manner of the deep
donor determination,1ED1 andNA/ND1 are determined to be
0.0653 eV and 9.52× 10−3, respectively. Then,ND1 andNA

are determined to be 6.45×1015 cm−3 and 6.14×1013 cm−3,
respectively.

The broken line in Fig. 3 isS2(T, 0) simulated using eq.
(15) with the obtained values (1ED1, ND1, NA). The broken
line coincides with the solid line very well, indicating that
there are no more donors in this 4H-SiC.

Let us simulaten(T) using the obtained values. The tem-
perature dependence of1EF is recalculated using the follow-
ing two equations:

n(T) = NC(T) exp

(
−1EF

kT

)
. (17)

and
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Fig. 3. ExperimentalS2(T,0) obtained using eq. (14) andS2(T,0) simu-
lated using eq. (15). Peak1 corresponds to the effect of the shallow donor
on S2(T,0).



ing to thei -th maximum. The ordinate of thei -th maximum
equalsNDi /4.

When the−kT[dn(T)/d1EF] vs 1EF was calculated
using the experimentaln(T), it was quite difficult to de-
termine1EDi and NDi because of a large fluctuation of
−kT[dn(T)/d1EF]. When the curve was calculated us-
ing the data onn(T) that were interpolated using the cubic
smoothing natural spline function, the values of1ED1 and
ND1 were evaluated to be 0.0614 eV and 6.90×1015 cm−3, re-
spectively, and1ED2 andND2 were estimated to be 0.115 eV
and 2.83× 1016 cm−3, respectively. However, the acceptor
concentration cannot be evaluated by Hoffmann’s analysis at
all. On the other hand, since all the values that are necessary
to simulaten(T) can be determined by our analysis, the reli-
ability of the obtained values can be checked. Moreover, be-
cause the data onn(T) are differentiated in Hoffmann’s anal-
ysis, donor concentrations and donor levels are apt to depend
on the type of interpolation function. In our analysis where
the data are not differentiated, however, these are much less
dependent on the type of interpolation function.

6. Summary

The graphical method to uniquely determine the concen-
trations and energy levels of dopants in a semiconductor has
been discussed theoretically. Using then(T) of N-doped 4H-
SiC, for the first time, we have experimentally elucidated the
reliability and accuracy of our analysis in comparison with
other analyses.
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mately proportional to9)

acceptor concentration. In our analysis, on the other hand,
the donor concentrations, the donor levels and the acceptor
concentration can be determined.

5.2 Curve-fitting method
When the values of1EDi , NDi andNA are determined by

fitting a curve to the experimental data for then(T) − 1/T
curve, it is necessary to determine how many types of donors
exist in the semiconductor before the curve-fitting procedure
is carried out. Therefore, it is difficult to apply this analysis
when we do not know how many types of donors exist there.
Moreover, because so many curve-fitting parameters are de-
termined at the same time to fit a curve to the experimental
data, it is difficult to evaluate the concentrations and energy
levels accurately. In our analysis, on the other hand, each
donor level can be determined using the corresponding peak
temperature, and each donor concentration can be estimated
using the corresponding peak value.

5.3 Differential method
According to the differential evaluation ofn(T) proposed

by Hoffmann,1) for small temperature differenceTj+1 − Tj ,
the derivative−kT[dn(T)/d1EF] as a function of1EF can
be approximated by2)

The experimental lnn(T) − 1/T curve is shown as the
open circles in Fig. 4. Since there are no clear saturation re-
gions in Fig. 4, it is difficult to determine the donor concen-
trations. From the range 8.62 K−1 ≤ 1000/T ≤ 13.0 K−1,
1ED1 is calculated to be 0.0693 eV, while from the range
4.24 K−1 ≤ 1000/T ≤ 5.59 K−1, 1ED2 is estimated to be
0.0901 eV. In this analysis, it is also difficult to determine the

Tj+1+ Tj

2
· n(Tj+1)− n(Tj )

Tj+1 ln

[
NC(Tj+1)

n(Tj+1)

]
− Tj ln

[
NC(Tj )

n(Tj )

] (19)

as a function of
k

2

{
Tj+1 ln

[
NC(Tj+1)

n(Tj+1)

]
+ Tj ln

[
NC(Tj )

n(Tj )

]}
. (20)

The−kT[dn(T)/d1EF] curve has a maximum at1EF =
1EDi + kTmi ln 2, whereTmi is the temperature correspond-

exp

(
−1EDi

2kT

)
. (18)


