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pffect of Jeep levels on semiconductor carrier concentrations in the case of strong compensation
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We analyze the carrier concentrations (—=p) resulting from both shallow and deep majority

levels. We show that for comparable concentrations of shallow and of compensating levels, a

small fraction of deep levels can decrease p by orders of magnitude. Also, a quantitative cri-

terion for obtaining semi-insulating material is derived, and implications for obtaining conduct-

ing wide-band-gap materials are discussed. Another result: a steep {"deep") slope of lnp vs

1/T can result even from small percentages of deep levels.

The theory of the carrier concentrations in semi-
conductors is by now very well established. ' Howev-
er, some of the implications of the solutions in the
case of "strong" compensation and deep impurity
levels have apparently not been fully realized. This
will be the case treated here, where by strong com-
pensation (as applied to a p-type semiconductor) we
mean

Nor & ND & (N~i+NA2)

with N„~ the concentration of a shallow acceptor (of
energy Et), N&~ that of a deep acceptor (of energy
E2), and ND that of the donors of energy above E2
It can be noted that the second part of Eq. (1), i.e.,
ND & (N»+N») determines that the material is

u type.
Before giving the results of the present calculatons,

I first wish to point out two systems of present in-
terest where these results are of relevance. One is
semi-insulating GaAs and related materials. The
second is large-band-gap semiconductors, where it
has generally proven difficult to obtain well-conduc-

ting material. It will be shown by the present work
that the criterion for obtaining semi-insulating ma-
terial is the first part of Eq. (1), i.e., N& t & ND (or
correspondingly ND«N~ for n type), and that the
second difficulty can be understood by a combination
of a tendency toward compensation4 plus some deep
levels (even at low concentrations). A further point
of interest is that, again for strong compensation, the
temperature dependence of the carrier concentration
can appear to give evidence of deep levels only (i.e.,
give Eq2 as the activation energy) even with shallow
levels preseg. t in larger concentration, i.e., N& ~

)N
With several majority levels, the implicit equation

for the carrier concentration for monovalent levels
has been given by Blakemore' (p. 156, Eq. 331.3).
For two such levels, the resultant equation is cubic.
Neglecting excited states and any change of E2 with
temperature (where inclusion of these factors would
be tedious but straightforward), and for the Fermi
level at least several kT above the valence band (for
p material) this equation can be put in the form

x3+ (x'/g ) [exp( —e~) + exp( —62) + (gND /N„) ]

+ (x/g') (exp[ —(a&+ a, ) ] —(gN»/N„) [exp( —a&) +R exp( —a2) ] + (gND/N„) [exp( —a&) + exp( —a, ) ]]

+ (1/g') ((g/N„) [ND N„,(l+R ) ] exp[ —(—ei+e2)]] =0 . (2)

Here 8 is the ratio of deep to shallow acceptor levels
(=N„2/N»), N—„ is the valence-band density of
states, g is the acceptor degeneracy factor (assumed
the same for both levels), e; = E;/kT, and x =p/N„
where p is the hole concentration.

Equation (2) is quite general, but here I wish to
emphasize the case R (( 1, since this is the case
which has been previously neglected and which is
quite interesting. A plot of Eq. (2) for several such
R 's is shown in Fig. 1, where ( p/N„) is given as a
function of "closeness of compensation" 1 —E,
where E = ND/(Nq q+Nq—2) is the overall degree of
compensation. The parameter values selected are ex-

pected to be typical for p-ZnSe, namely, E~ = 0.1 eV,
E2=0.7 eV, N&~=10" cm ', m'=0. 75, g =4, and
where the plot is shown for 300 K. It can be seen
that for (1 E) =R, i.e., ND/N~q=— l —R'=1,
there is a very drastic decrease in p for a very slight
change in (1 IC ), i.e. , in ND. For exa—mple, for
8 = 0.01, p at this point decreases by about five or-
ders of magnitude for a 0.1% increase in ND. Physi-
cally, this sharp decrease is easily understood: The
Fermi level in the high-p range is close to the shallow
level, but for N& ~ & ND it is essentially pinned at the
deep level. It is also interesting to note that although
in the absence of deep levels (R =0) p does decrease
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FIG. 1. Normalized 300-K hole concentration (p/N„)
plotted vs closeness of compensation (1 —K), where
K —= ND/(Nz I+N&2), for different ratios of deep to shallow

levels (Nq2/N&1), and with the other parameters appropri-
ate to p-ZnSe (see text).

1/T {K}
FIG. 2. Normalized hole concentration (p/N„) vs re-

ciprocal temperature for N&2/Nz I =0.01 and various degrees
of compensation (K). Other parameters as in Fig. 1.

with increasing compensation, i.e., decreasing
(1—E), this decrease is relatively slow; extremely
close compensation would be required for very low
carrier concentrations —for example, since N„= 1.63
x 1O' cm ', one still obtains p = 4 x 1O" for
(1 E) = 10 4 (where r—eported carrier concentrations
in p-ZnSe are less than this value5).

It is also of interest to check the temperature
dependence of the carrier concentration. This is
shown in Fig. 2 as ( p/N„) vs (1/T) for three
representative points in terms of the characteristics of
Fig. 1: (1) Ngl & ND, (2) Ngt=ND, (3) Ng) & ND.
The results of the first case are standard and give a
low-temperature slope of 0.1 eV (the decrease of

p /N„at high temperature is due to a continuing in-
crease of N„, whereas p tends toward saturation); the
deep levels are present at too low a concentration to
show up on the scale of the graph. For the second
case, N& I = ND, both the shallow and the deep levels
affect the result, and both the O. 1- and 0.7-eV slopes
are seen. Lastly, for the case N& I (ND, only the
deep (0.7-eV) slope is seen despite the fact that the
shallow levels are present in far-larger concentration
than the deep levels.

We now apply the present results to the class of
"semi-insulating" materials. It has long been

known, and most frequently applied to GaAs, that
the introduction of deep levels gives such material. 2

However, I am not aware of any prior quantitative
prescription. Since from Fig. 1 one can see that there
is an inflection point around (1 —E ) =R, this pro-
vides such a prescription via evaluation of 02(1 —E)/
rlx'= "d'ND/'dx'= 0. I have solved Eq. (2) for ND

and obtained the second derivative. The result shows
that for (N„/N~ I)x && 1, exp( —a2) && exp( —~~),
and gx exp(el) « 1, where these conditions are ex-
pected to apply for most parameter ranges of in-
ter erst,

(N„,/ND) = 1+O((N„/Ng ()x, gx expel, exp(ei —Eg)) .

This confirms the statement in the second paragraph
that N& I & ND is the criterion for obtaining semi-
insulating material.

The present work also has implications in the area
of conducting wide-band-gap semiconductors. It is
known on thermodynamic grounds that such materi-
als tend to be compensated. 4 From Fig. 1 it can be
seen that for strong compensation the deep levels de-
grade the conductivity far beyond the value obtained
at the same degree of compensation with only shal-
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