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A simple graphic method for impurity-level analysis of semiconductors is proposed. Because the concentration
of majority carriers emitted from each impurity level increases monotonically with an increase of temperature (7°),
the product of 1/T" and the total majority-carrier concentration has several peaks, and each peak results from the
corresponding impurity level. Thus, from each peak value and the corresponding temperature, the density and

energy level can be evaluated.
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1. Introduction

Semiconductors often include several impurities. Be-
sides conventional dopants, impurities are sometimes in-
tentionally doped into silicon (Si) or III-V compound
semiconductors. For example, rare-earth metals are used
as dopants, partially because near-infrared light can be
obtained from these materials.*?

Since the majority-carrier concentration (n or p) is
very sensitively controlled by impurities, the dependence
of n (or p) on the inverse of temperature (T') is used to
determine the density and energy level of impurities. As
pointed out by Hoffmann et al.,>* however, this anal-
ysis is very difficult in the case of several kinds of im-
purities with different energy levels in a semiconductor.
Although Hoffmann et al. have proposed a differential
evaluation of n —1/T (or p—1/T) characteristics,* the

differential of experimental data results in an increase of.

observational errors. On the other hand, it is difficult
to obtain reliable values by fitting a curve to the exper-
imental data for n — 1/T (or p — 1/T'), because several
curve-fitting parameters are required.

- We propose a new simple graphic method in which
the product of 1/kT and n (or p) is calculated and from
each peak of this product the corresponding density and
energy level are evaluated. Here, k is the Boltzmann
constant.

2. Theoretical Consideration

To simplify arguments in the following, electrons are
considered to be majority carriers. The temperature de-
pendence of the free electron concentration n(I") in an
n-type semiconductor is expressed as®

1
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where . Np; and Ep,; are the density and energy level of

the i-th impurity, respectively, gp; is the degeneracy fac-
tor of the corresponding impurity, and Ef is the Fermi
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level. To simplify arguments in the following, eq. (1) is
rewritten as

AFEp;
n(T) = ZND,-E-(T) exp (— kﬂ? ) (2)
with |
exp (AE)
kT
F(T) = AEp — AEp;\’ 3)
gpi + exXp %
AEp; = E¢c — EDia (4)
and
AEF = EC - EF; (5)

where E¢ is the energy at the bottom of the conduction
band.

In order to evaluate AFEp; and Np; from the experi-
mental data n(7T),

1
S(T)=-— 6
(1) = n(D) ©
is defined. Using eq. (2), this function is written as
S(T) = Np.Dy(T) (7)

with

1 AEp;
D1 = pF@en (-52)  ®
The curve of S(T') has several peaks, because D;(T) take

a maximum at the temperature corresponding to the i-th
impurity level.

3. Discussion

In order to demonstrate a way to evaluate AEp; and
Np; from n(T), Si with two kinds of donors (AEp;, =
0.04eV, Np; = 1 x 10¥®*em™3, AFp, = 0.1eV, and
Np; = 1 x 10** cm™®) is considered. The curve of n(T)
in the range 77K < T < 300K is shown in Fig. 1. Here,
gp; is 2. A

The curve of S(T') is calculated from eq. (6) using n(T")
shown in Fig. 1, and is shown as the solid line of Fig. 2.
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Fig. 1. Temperature dependence of majority-carrier concentra-
tion. '

Because there are two discrete peaks in the figure, it
is clear that two kinds of impurity levels exist in the
semiconductor. From the figure, Tphean and S(Theaxa)
corresponding to the first peak are 105 K and 9.02 x
107 cm—3- eV ™!, respectively.

The value of AFEy,;, which makes D, (T) maximum at
Tpear1, is numerically calculated. In this calculation,

e

AEg = kTn [ 9)

and

No(T) = 5.39 x 10*°T7°/2 (10)

are used,”) where Ng(T') is the effective density of states
in the conduction band for Si. Using Tpea = 105 K,
AFEp, is determined to be 0.0408 eV, which is close to
the actual value.

The value of Np,; is estimated from

AE
S(Tpeakl)kTpeakl €xp (kT > )
peakl ) (11)
Fl (Tpeakl)

since S(Tpeara) is considered to be NpyD;(Tpeara). From
the values obtained above, Np; is estimated to be 1.02 x
10*® cm—3, which is close to the actual value.

In order to estimate AFEp, and Np,;

S, (T) = S8(T) — ND1D1(T)

ND1 =

(12)
is defined, because the second peak in the solid line of
Fig. 2 is affected by the shallower donors. The curve
of S;(T) is shown as the broken line of Fig. 2, using
AEp; = 0.0408 €V and Np; = 1.02 x 10**cm™3. The
peak value S; (Tyecarz) and the corresponding temperature
Tpearz are 3.84x 10*" cm™3- eV ™" and 245 K, respectively.

In the case of AEp, = 0.0101 eV, D,(T) takes a max-
imum at T,coi2 = 245 K. This value of AEp, is close to
the actual value.

The value of Np, is estimated from

AE
Sl (Tpeak2)kTpeak2 €Xp (kT D: )
peak?2

F 2 (Tpeak2) ’

NDz =

(13)
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Fig. 2. S(T) and S1(T') signals calculated from eq. (6) or (12) .

since  S;(Tpeax2) 1is considered to correspond to
Np2D3(Tpeax2). From the obtained values, Np, is esti-
mated to be 9.77 x 10'® em 3, which is close to the actual
value. :

As demonstrated above, several kinds of AEp; and Np;
in a semiconductor can be accurately evaluated from the
temperature dependence of the majority-carrier concen-
tration. ’

Next we discuss the limitations of our method. Under
the conditions of AEp; = 0.04 ¢V and AFp, = 0.1 €V,
the densities and energy levels of two impurities can be
determined in the range 4x 1072 < Np; /Np, < 20. Since
we aim to graphically evaluate the densities and energy
levels of donors (or acceptors) which are mainly related
to the majority-carrier concentration in a semiconductor,
this range of Np,/Np; is considered to be an appropri-
ate range. Under the conditions of AEp; = 0.04 eV and
Np; = Np,, the densities and energy levels of two impu-
rities can be estimated when AEp, is larger than around
0.09 €V, that is, the energy resolution of our method is
about 0.05 eV. Improvement of the energy resolution is
in progress.

Next we compare our method with other methods. In
the n — 1/T characteristics, the density of impurities is
equal to the value of n(T) in the saturation range. The
energy level is evaluated from the slope of the Inn —1/T
curve in the freeze-out range, because n(T") in this range
is approximately proportional to®

AEp,;
exp (— 2k’_]l:” ) (14)

Since there are no saturation ranges in Fig. 1, no im-
purity densities can be determined. The value of AEp,
is 0.0301 eV from the slope in the region of 11Kt <

©1000/T < 13K™!, while AEp, is 0.0370 eV from the

slope in the region of 4.8 K™ < 1000/T < 6.2K~!. Since
these values are poor approximations of the actual val-
ues, this analysis is unsuitable for evaluation of several
kinds of impurities with different energy levels in a semi-
conductor. :
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Hoffmann et al. have proposed a differential evaluation
of n(T).*»* For small temperature differences T},, — T}

the derivative (—kT)dn/dEr as a function of AFr can

be approximated by
Tip 4+ 75
2
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as a function of
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The curve of (—kT)dn/dEr takes maxima at AEp =
AEp; + kT In gp;, where T,; is the temperature for
which AFEp coincides with the abscissa of the i-th maxi-
mum. The ordinate of the i~th maximum equals Np,/4.
From the data in Fig. 1, AEp:, Np:, AEp, and Np, are
estimated to be 0.0375 eV, 9.07 x 10'® cm™2, 0.0949 eV
and 9.67x10'® cm~2, respectively, which implies that our
method is more accurate than Hoffmann’s method. Since
Ty is 72 K, n(T) must be measured at temperatures
lower than the liquid nitrogen temperature (77 K). Un-
der the conditions of AER; = 0.04 ¢V and AFp, = 0.1
eV, the densities and energy levels of two impurities can
be determined in the range Np;/Np, < 5. Under the
conditions of AFp; = 0.04 eV and Np; = Np,, the densi-
ties and energy levels of two impurities can be evaluated
when AFEp, is larger than around 0.07 eV. In simula-
tion, judging from the accuracy and limitations of both
methods, our method is considered to be comparable to
Hoffmann’s method.

When the derivative (—kT)dn/dEy is calculated from
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the experimental data n(T), the calculated values are
thought to be scattered, as is clear from eq. (15). In the
experimental results,>® it is difficult to distinguish dis-
crete peaks in the (—kT)dn/dEr vs AEr curve. Since
the experimental data n(T) are simply divided by kT
in our method, it is easier to distinguish discrete peaks
in the n(T)/kT vs T curve than to distinguish discrete
peaks using Hoffmann’s method. Therefore, the advan-
tage of our method is apparent when the experimental
data are analyzed. Application of our method to the
experimental data is currently in progress.

4. Summary

We have proposed a simple graphic method for eval-
uating densities and energy levels of impurities in a
semiconductor, using the temperature dependence of the
majority-carrier concentration. From the temperature
dependence of the function n(T)/kT, several discrete
peaks are graphically obtained. From each peak, the
density and energy level of the corresponding impurity
can be evaluated accurately.
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