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The conventional result for the screening length in a semiconductor with a discrete impurity level
vanishes at absolute zero. When level broadening is included in a self-consistent way, a finite value is
obtained. Results for the screening length and the root-mean-square potential fluctuation at absolute
zero are given as functions of the degree of compensation.

The screening length enters in many semicon-
ductor problems including band bending near sur-
faces and junctions, scattering by Coulomb centers,
and broadening of energy levels. We consider
screening at low temperatures in a semiconductor
in which the Fermi energy Ey lies near a discrete
impurity level, here chosen to be an acceptor, tak-
ing level broadening into account self-consistently.

At temperatures low enough that few electrons
are excited across the gap, the conventional screen-
ing length L is'?

L={€KTN,/@[Np+WNp+p) N, =Np=p)F? (1)

where p is the hole concentration, €=k¢, is the di-
electric permittivity, K is Boltzmann’s constant,
T is the absolute temperature, and N, and N, are
the acceptor and donor concentrations, respective-
ly, with Ny > Np.
When all impurities are ionized, i.e., p=N,

- Np, the screening length equals the conventional
result (€ KT/e®p)/2. At low temperatures, where
p~0,

L=[€KTN,/e*Ny(N, - Np)]*/3, 2)

which is perhaps less familiar. Note that the
screening in the low-temperature limit is pro-
duced by changes in the occupation of the majority
impurity center.

The screening length in Eq. (1) is derived with
the assumption of a sharp acceptor level. But the
Coulomb potentials associated with the ionized im-
purities lead to potential fluctuations whose root-
mean-square value when the impurities are ran-
domly spaced is®

o=(?/[(Np +NZ)IL/8n ]2 | ®)

where N and N are the concentrations of ionized
donors and acceptors, respectively. Thus the ac-
ceptor level will be broadened into a band with a
density of hole states given approximately by®

Pu(E) =[Ny /o(2m) 2] e (E-EA)zlaaz’ @)

where E, is the center of the broadened acceptor
level. Note that odd moments of the distribution

9

of levels vanish at very low temperatures because
Np=Np=Niandn=p=0,

When o> KT, the assumption of a sharp acceptor
level used in deriving Eq. (1) is no longer validand
the screening length is given by

L= (e_: pr,,(E);% dE> -2 (5)

where f,(E) ={1 +exp[(Ey - E)/KT]}* is the prob-
ability that a state of energy E be occupied by a
hole. This relation also applies when the level
broadening is so large that the impurity level has
merged with the adjacent band edge, a case that
has been widely studied.*® The considerations of
the present paper apply only when the level broad-
ening is small compared to the energy separation
of the majority impurity level and the adjacentband
edge. We also ignore the energy levels associated
with placing a second hole on an acceptor.®

Equations (3)-(5) must be solved self-consistent-
ly for L and o, with the subsidiary condition
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FIG. 1. Self-consistent screening length L and root-
mean-square level broadening o at absolute zero for a
p-type semiconductor. See Table I for definitions and
for the approximate expressions which give the dashed
lines in the figure. Small values of the abscissa cor-
respond to weak compensation and large values to strong
compensation,
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TABLE I. Approximate analytic results for the
screening length L and the root-mean-square level
broadening o at absolute zero for a p~type semiconductor
with acceptor concentration N, and donor concentration
Np. The results are given in terms of the quantities
Lo=(87Np)/3 and o,= (¢2/4ne) 8m)/EN,!/3, where € =xe,
is the permittivity; mks units are used.

L/L, a/ oy
Np<<Ny4 1 1
Np~3iN, @rNp /N /3 @rNp /N3
No-Np<<N,  [Np/(Ny=Np)*/3  [Np/(N4—-Np)'/3

to fix the position of the Fermi level. The equa-
tions can be easily solved at absolute zero, and
lead to the results shown in Fig. 1. Approximate
values for the case of low compensation Ny << N,
for compensation near 50%, and for the case of
high compensation Ny ~ N, << N,, are given in
Table I. We expect a smooth transition from the
screening results given here for absolute zero to
the conventional result in Eq. (1) in the tempera-
ture range 0< KT<o. The case of perfect com-
pensation, N,=N,, cannot be treated with this
model, and other screening mechanisms must be
sought, 78

Falicov and Cuevas® treated the low-tempera-
ture screening problem without introduction level
broadening explicitly. They obtained a correla-
tion length [87(Np— N,)]™'/% for an n-type sample.
For the n-Ge sample considered in Figs. 1 and 3
of their paper,® with N;=3.9x10% cm™ and N,
=2,9%10* cm"%, we find a screening length of 5.2

x107® cm at 7=0 while their result is 3.4x10¢ cm.

Our value predicts less screening and therefore a
lower mobility, and should give better agreement
with the mobility at very low temperatures than

their exponential correlation model with the cor-
relation length they use. Our calculated rms fluc-
tuation is 0=4 meV at 7=0 for this example. Thus
we expect a transition from the low-temperature
screening limit to the conventional value when KT
~o0, i.e., near 40 K. This is consistent with Fig,.
3 of Falicov and Cuevas, which shows the observed
mobility approaching the conventional Brooks-
Herring curve near 40 K.

The low-temperature screening problem is also
covered in a paper by Morgan, !° who used a self-
consistent theory but introduced anadditional length
parameter a =[3/4r (N, +N,)]'/? into the theory. We
believe an appropriate screening length is supplied
by the self-consistent theory itself, as described
here in the low-temperature limit.

A criterion for the validity of a linear screen-
ing model is that the number of screening sites
within a sphere of radius L be greater than unity.*
Since the minority carriers are always fully ion-
ized at very low temperatures, we write this cri-
terion in the form £7N,L*>1. It is marginally
satisfied throughout the compensation range in
Fig. 1,

We conclude that the screening length and the
level broadening at absolute zero are easily ob-
tained from the simple theory of linear screening,
applied self-consistently. The model ignores local
correlation effects, because the expressions for
the screening length and for the potential fluctua-
tions are averaged independently, but the predicted
dependence of screening and level broadening at
low temperatures on the concentrations of majority
and minority impurities is expected to have atleast
qualitative validity.

I am indebted to P. J. Price for helpful com-
ments.
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