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Differential analysis of the free-charge-carrier. concentration in semiconductors containing
localized levels with negative electronic correlation energy

Hans J. Hoffmann~
IBM Thomas J. Watson Research Center, Yorktoln Heights, Peur York 10598

(Received 30 October 1980)

The concentration of single carriers and carrier pairs bound to localized levels with negative and positive electronic
correlation energy U is calculated for a semiconductor as a function of the Fermi energy. It is shown how the
stability of the Fermi energy against variations of the doping level depends on the sign of the correlation energy.
From this one obtains a new experimental criterion for associating a given kind of doubly charged defect with the

negative-U property.
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FIG. l. Energy-level Scheme of a defect center {here
the vacancy in Si according to Ref. 7) with negative cor-
relation energy -U =E~ —g2 for the second bound charge
carrier.

The concept of multiply charged defects with
negative correlation energy U for bound charge
carriers has been successfully applied to explain
the electronic Rnd magnetic behavior of chRlco-
genide glasses. ' ' Recently, Baraff, Kane, and
Schlutere concluded from their calculations that
centers with negative correlation energy U can
occur not only in disordered semiconductors but
also in crystalline materials. According to their
calculations, the second donor level of the vacancy
in silicon (change of charge state V+- p' in Fig.
1) is above the first donor level (change of charge
state v'- v+).

Considering the exchange of holes with the val-
ence band, one needs in this case more energy
to release a hole from a two-hole state (P~) than
from a one-hole state (V+) of the vacancy. This
unusual behavior seems to be confirmed by the
experiments performed by %atkins and Troxell. '
In addition to the vacancy they also found that
boron in Si has the negative-U' property.

In a recent paper, the concentration of free
charge carriers in a semiconductor containing
negative-U ~enters has been discussed as a func-
tion of the doping level. ' For that purpose, the
neutrality equation has been established. It reads
in the case of a nondegenerate p-type semicon-
ductor

&+X,+» =P+»[1+(1+2&,/f)/(1+2PtP. }] '
=C, (1)

with

p = N„(T)exp [- (Eg E„)/&T-],

p, =g,z„(T)exp[- (Z, -Z„)/aT]

=g p„(T)exp [ (Z, V-Z„—)/I T-],

p, =g&„(T}exp[- (E, -E„)/kT],

(p concentration of free holes; X concentration
of negative-U centers; X~, X~ concentration of
X centers occupied by one or two holes, respec-
tively; C total concentration of free plus bound
holes or doping level; g„g, degeneracy factors
of the one- and two-hole states; E, -E„E,-E„
energetic positions of the different energy levels
above the valence-band edge at &„; E„Fermi
energy; U absolute value of the correlation energy;
k Boltzmann's constant; T temperature}.

Equation (1) represents the inverse p(Q) charac-
teristic (concentration p of free charge carriers
as a function cf the doping level Q}. Depending
on the parameters of the negative-U centers, there
are different regimes in the p(C) characteristic
discussed in detail in Ref. 8. There it was shown
that the p(Q) characteristic has a range in which
p-O'A corresponding to some stabilization of the
free-charge-carrier concentration p or the Fermi
energy Ez against variation of the doping level C', .
This range is unique for a semiconductor with
negative-U centers. In the present paper, the
concentration of one- and two-hole states g~ and

X» is discussed explicitly as a functi'on of the
free-hole concentration p or the position of Fexmi
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FIG. 2. (a) The free-hole concentration p and the corresponding position of the Fermi energy Ez-E„as a function
of the doping level C according to Eqs. (1) and (2). Full curve: Negative-U centers with the parameters X =10»5 cm 3,

E» -E„=0.05 eV, E2-E„=0.13 eV, g» =g2=1, 7.' =65 K, N„(65 K) =10»8 cm"3. Dashed curve: Positive-U centers with
the same parameters except E» -E„=0.13 eV and E2-8„=0.05 eV. (b) The concentration of one-hole (X&) and two-
hole (X&&) states txqs. (5) and (6)] as a function of the free-hole concentration p and the position of the Fermi energy
E~ -E„above the upper valence-band edge. The parameters are the same as in (a). Full curves: Negative-U cen-
ters. Dashed curves: Positive-U centers.

energy E~ -E„=AT In[N„(T)/p] for a semiconduc-
tor containing negative-U (p,«p„' E,=E, —U)
or positive-U (p, » p„. E, = E, + U) centers.

Furthermore, a measure defining the "stability"
of the Fermi energy against variation of the dop-
ing level is given. This quantity is shown to pro-
vide an additional experimenta, l criterion whether
a given kind of defect in a semiconductor has the
negative-0 property or not. A typical example
of a p(C) characteristic is shown by the full curve
in Fig. 2(a). It has been calculated with a special
set of parameters using E, -g„=0.05 eV and g,
-g„=0.13 eV. These energies are given by %at-
kins and Troxellv for the vacancy in silicon (Fig.
I). The full curves in Fig. 2(b) represent the
corresponding concentrations of one- and two-
hole centers (X& and X», respectively) as a func-
tion of the free-hole concentration p and the posi-
tion of the Fermi energy g„-g„.

At Low doping leveL C, as long as the Fermi
energy E~ &E, or p«p„ the one-hole states of
the negative-U centers dominate, i.e., J~»X».
Since the concentration of one-hole states increas-
es proportional to p and that of two-hole states
increases with p' [compare Eqs. (5) and (6)], the
thoro-hole states dominate at higher doping levels.
This occurs if the Fermi level is shifted over E,
eox'responding to p» p2. Because

Xp =X» =X(2+Pi/P2) «X for P =P2,

the negative-U centers are not necessarily occu-
pied completely either by singLe carriers or by
carrier pairs in that range. Therefore, the con-
centration of one-hole states X~ can increase fur-
ther with increasing doping level or decreasing

g~ -&„, until it reaches its maximum value for
p = (P.P,)"or

E, = ,'[E,+E, -krl-n(g, g,)].
Then

X,-X[1+29,/P. )"'] '= X(p./4u, )",

X» =X[2+(p,/p, )"]'= X/2

reaches about half of its final value X. Kith the
doping level C and the free-hole concentration p
increasing further, X~ decreases as X p,/p and

X» approaches the total concentration of negative-
0 centers X.

Negative-U centers are characterized by their
behavior in the range p, « p«(p, p, )' ' correspond-
ing to

E, -k2' lng, &Er & -, [E,+E, -kT ln(g, g,)].
In this x ange, the total concentration of Localized
charge cax riers X~+ 2X» ~ 2X» increases with
the squaxe of the free-charge-carrier concentra-
tion p. Thus, doubling the concentration of free
charge carriers corresponds to an increase of
the concentration of bound charge carriers by a
factor of 4.

This is in contrast to the behavior of a semi-
conductor containing positive-U centers (p, » p,
or E,=E, + U}. Typical numerical examples of
a p(Q) characteristic and both X~ and X» as a
function of the free-charge-carrier concentration
p are shown by the dashed curves in Figs 2(a}.
and 2(b). For the numerical calculation, I inter-
changed just the values of E, and g, used in the



BRIEF REPORTS

case of negative-0 centers. A11 other parameters
remained the same. Because of the positive (re-
pulsive) correlation energy, the one-hole states
are favored as compared to the two-hole states
until with increasing p nearly each of the X cen-
ters is occupied by one hole. Therefore we have
X~=X»X» in the whole range p, «p«p, . The
two-hole states dominate only when the Fermi
energy @~ is shifted over E, toward E„corre-
sponding to p&p, . Thus, all of the X centers are
transformed with increasing p to X~ and X» sue-
eessively. Therefore, one obtains nearly the
same p(C) characteristic in Fig. 2(a) (dashed
curve), if the semiconductor contains two different
kinds of singly charged defect levels at energies
E, and E, with equal concentrations X. This be-
COQ1es mo1e ev1dent by the follow1ng dlfferentlR1
analysis.

For this purpose, we consider the derivative of
the doping level C with respect to the Fermi ener-
gy Ez, i.e., dC/dE+. 9 This derivative indicates
how many extra charge carriers have to be in-
troduced into the semiconductor in order to shift
EF by a small amount. If E~ is at an energy with
high concentxation of localized levels, many levels
hRve to change their stRte of charge Rnd one needs
many extra charge carriers in order to shift E~.
Therefore, dC/dE~ is large. If, on the other
hand, the Fermi energy E~ is at an energy with
only a small density of defect levels, E~ is shifted
obviously by only a few additional charge carriers.
Then dC/dE„ is small. Thus the derivative
dC/dEF is a mea, sure of the density of noncorre-
lated localized levels as a function of the energy
Rs has been shown 1D detRll 1D Ref. 9. ID the
case of doubly charged defect levels with negative
correlation energy U, however, most of the de-
fects change their state of charge if the Fermi
energy is just between E, and E, as has been
shown above. In order to see what information
can be obtained by a differential analysis in this
case, we calculate the derivative of (1) as follows

T = p+X L 1~+1+—
~

P P &P P't '
&Ez P P2 I}, P P2)

easily into a function of the Fermi energy E„by
inserting the substitutions (2), (8), and (4). The
full curve in Fig. 3 shows the typical features
of —kTdC/dEI, as a function of E~ E„-=AT
&& In[N„(T)/pj (lower scale) or p (upper scale) for
a semiconductor containing negative-U centers.
It has been calculated with the same parameters
as the full curves in Fig. 2. The figure shows
the dominating parts of (Va) in the different energy
ranges. The first term p =N„(T)exp[-(E~ E„)/-
k Tj dominates at low E~ -E„. The second term
is due to the derivative of the one-hole states X~.
Starting at low p, it increases as Xp/p, until for
p & p, the third term of (Va) (representing the con-
tribution of the two-hole states) dominates. This
term increases at first as 4Xp'/p, p with p
reaches its maximum for p = (p, p, )' ', and de-
creases as 4Xp, p,/p' in the range (p, p, )' ' «p
«2P, . For P» 2P„ finally, this third term de-
creased as 2Xp2/p ~ This cannot be seen ln Fig.
2, however, since the first term p in (Va) domi-
nates in this range.

In agreement with our expectation, there is
only one maximum in the derivative -}tT dC/dE~
as a function of P or E~ -E„ in the case of nega-
tive-U centers. The maximum occurs if P
= (p, p, )'~' corresponding to

Ez = —,
' [E,+ E, —}tT ln(g,g,)j .

The height of the maximum is approximately the
total concentration X of the negative-U centers.
Half maximum is attained for p = (2'~' —1)(p p )'~'

and p = (2'~'+ 1)(p,p, )'~' corresponding to a full
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This derivative is given as a function of P, P„and
p, for convenience. It can be transformed very

FIG. 3. Differential evaluation of the p(C) character-
istic -kT dC/de as a function of the Fermi energy
Ez -E„according to Eqs. (1) and P). The parameters
are the same as in Fig. 2. Full curve: Negative-U
centers. Das'hed curve: Positive-U centers.
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width Rt hRlf maximum of 1.8k 7 on the enex'gy
scale. These results are quantitatively and quali-
tatively different from those obtained if the cor-
relation energy is positive, i.e, E,&E, or p, «p,
(see dashed curve in Fig. 3). In this case Eq.
(Va) can be approximated quite well by

P P P2PkT -„=p+X
(

'
)p

+X
(

' )2. (VC)

The terms Xp~p(p&+ p) 2 (i = 1, 2) are exactly the
same if w'e have two independent kinds of defect
levels at energies E, and E, with equal concentra-
tion X in the sample. Each of these terms reach-
es its maximum for p = p, corresponding to E~
=E& -k Ting, . The height of the maxima is in
both cases X/4 and the coordinates at half maxi-
mum are (3 —&'~') p; and (3 + &'~') P, (i = I, &),
corresponding to a full width at half maximum
of about 3.5kT on the energy scale. This value
is larger by a factor of about 2 as compared to
that for negative-U centers.

In the following, it is shown how one can use this
result for an experimental test whether a given
kind of defect hRS the negRtlve-U property ox' note

The p(C) characteristics can be determined from
the I-V eharactexistics of space-charge limited
currents (SCLC) in insulating or semi-insulating
semiconductors. The doping level, i.e., the con-
centration of charge carriers to be distributed
over localized and nonlocalized states, is varied
in this case by tPe space charge injected out of

the contacts into the sample. In other words,
the doping level C depends on the applied voltage
C -V. The procedure for determining the p(C)
characteristics from I-V characteristics was
described in a former paper. ' Because the Fermi
energy E„-E„=kTln[N~ (T)/p] can be calculated
if p is given, one can also calculate fx'om the
p(C) characteristic the derivative -kT dC/dE~ as
a function of E~ -E„.'Since the expected struc-
tures in that derivative are quite broad —some
kT on the energy scale —one can use finite diffe-
rences bC - sV and M„= kTd In[N„(T)/p]. The
basic idea of this method was published many
years ago by Rose. '0 The present alternate
version, which can be applied immediately to ex-
periments, was described first in Hefs. 9 and 11.

It' the derivative -kT AC/S. Ez has been calculat-
ed as a function of &~ from the experimental
I-V characteristic of SCLC, one has to determine
the half-widths of its maxima. In the usual case
of singly charged defects with discrete energy
levels, one expects a half-width of 3.5kT. In the
case of negative-U centers with discrete ener-
gies, the half-width is considerably reduced to
1.8kT. Thus the evaluation of the derivative
-kTbC/LE~ from SCLC provides information
and a test of whether a kind of defect level in a
semiconductor has negative electronic correla-
tion energy or not.

I thaxlk J M. Woodall fox' cx'ltlcRl readi1lg of the
manu scx'lpt,
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